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ABSTRACT 
Fibre Reinforced Polymer (FRP) reinforcement (tube and bar) has emerged as a 
viable alternative of steel reinforcement due to the deterioration of steel reinforced 
concrete members under harsh and corrosive environments. The FRP reinforcement 
exhibits higher ultimate tensile strength to weight ratio and corrosion resistance than 
steel reinforcement. In the last two decades, applications of FRP reinforcement for 
new structures were investigated. Concrete Filled FRP Tube (CFFT) for new column 
construction is one such application. A number of studies investigated the axial and 
flexural behaviour of CFFT columns. However, a limited number of studies proposed 
unified stress-strain models of circular CFFT columns under concentric axial load. In 
this study unified stress-strain models using compiled large databases of circular 
CFFT columns under concentric axial load were developed. The predictions of the 
developed unified stress-strain models matched well with the experimental strength 
and strain enhancement ratios of circular CFFT columns.  
In recent years, FRP bar was investigated as a practicable alternative of steel bar in 
reinforced concrete members. A number of studies investigated the axial and flexural 
behaviour of FRP bar reinforced concrete members. However, a limited number of 
studies investigated the behaviour of FRP bar reinforced CFFT columns under 
concentric axial load, although most of the columns are subjected to eccentric axial 
loads. This study investigates the experimental and analytical behaviour of circular 
CFFT columns with and without FRP reinforcing bars under eccentric axial loads 
and four point-loads. 
In this research study, the experimental program was designed to investigate the 
influence of FRP reinforcement and different axial load eccentricities on the load and 
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ductility of circular CFFT specimens. The main experimental program comprised 
four steel Reinforced Concrete (RC) specimens and 16 circular CFFT specimens of 
203 - 205 mm diameter and 800 - 812 mm height. The specimens in the main 
experimental program were divided into five groups: steel RC, Concrete Filled 
Carbon FRP Tube (CFRP-CFFT), Concrete Filled Glass FRP Tube (GFRP-CFFT), 
Carbon FRP (CFRP) bar reinforced CFRP-CFFT and Glass FRP (GFRP) bar 
reinforced GFRP-CFFT specimens. From each group, one specimen was tested under 
concentric axial load, one specimen was tested under 25 mm eccentric axial load, one 
specimen was tested under 50 mm eccentric axial load and one specimen was tested 
under four-point loads. Also, analytical axial-flexural interactions of the tested 
specimens using the equivalent rectangular stress block and layer-by-layer numerical 
integration methods were developed. 
The experimental results showed that FRP bar reinforced CFFT specimens exhibited 
higher axial loads, flexural loads and deformations at peak loads than unreinforced 
CFFT and steel RC specimens. The analytical axial load-deformation curves of 
CFFT specimens tested under concentric axial load matched well with the 
experimental results. The analytical axial-flexural interactions of CFFT specimens 
and steel RC specimens were in good agreement with the experimental results. 
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1 INTRODUCTION 
 Preamble 1.1
The strength and ductility of steel bar Reinforced Concrete (RC) columns in harsh and 
corrosive environments may decrease due to the corrosion of steel bars. The steel RC 
columns entail large repair and maintenance costs over their design life due to corrosion 
of steel bars. The National Association of Corrosion Engineers International reported 
that the United States annually spend about $2 billion for repairs and replacement of 
bridge piers and about $1 billion for marine piling systems (Mohamed et al. 2014). One 
of the solutions to reduce maintenance and repair costs is to use Fibre Reinforced 
Polymer (FRP) reinforcement as a substitute of steel reinforcement for the construction 
of new concrete structures for increased service life and economy.  
The FRP reinforcement is considered a practicable alternative of steel reinforcement 
due to higher ultimate tensile strength to weight ratio, higher corrosion and chemical 
resistance, and higher electromagnetic neutrality of FRP reinforcement compared to 
steel reinforcement (Pantelides et al. 2013). The structural members reinforced with 
FRP reinforcement require less maintenance, especially in harsh and corrosive 
environments, due to high corrosion resistance of FRP (Tobbi et al. 2014). In 
construction industry, FRP sheets have been in use for almost three decades to increase 
the strength and ductility of existing concrete structural elements. In the last two 
decades, Concrete Filled FRP Tube (CFFT) was investigated for new column 
construction. In CFFT columns, FRP tube restrains the lateral dilation of confined 
concrete and thereby increases confined concrete strength and ultimate confined 
concrete strain of CFFT columns. 
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This study compiled large databases of experimental investigation results of circular 
CFFT columns tested under concentric axial load and developed unified stress-strain 
models of circular CFFT columns tested under concentric axial load. The predictions of 
the developed unified stress-strain models matched well with the experimental strength 
and strain enhancement ratios of circular CFFT columns. This study presents the 
experimental and analytical results of circular CFFT specimens with and without 
reinforcing bars tested under concentric and eccentric axial loads and four-point load. It 
was found from experimental results that FRP bar reinforced CFFT specimens exhibited 
higher axial and flexural loads than unreinforced CFFT specimens. The analytical 
results of tested specimens were in good agreement with the experimental results. 
 Research Significance 1.2
In CFFT columns, FRP tube acts as longitudinal and transverse reinforcement 
(depending on the orientation of fibres). Also, FRP tube serves as structural formwork 
and barrier to corrosion accelerating agents (Mirmiran and Shahawy 1997; Lillistone 
and Jolly 2000). A number of experimental studies investigated the axial and flexural 
behaviour of CFFT over the last two decades (Mirmiran et al. 1998a; Saafi et al. 1999; 
Davol et al. 2001; Fam and Rizkalla 2002; Hong and Kim 2004; Ozbakkaloglu and 
Oehlers 2008a; Park et al. 2011; Ozbakkaloglu and Vincent 2013a). However, a limited 
number of FRP confined concrete studies developed the unified stress-strain models to 
predict the confined concrete strength and ultimate confined concrete strain of circular 
CFFT columns tested under concentric axial loads (Lam and Teng 2002; De Lorenzis 
and Tepfers 2003; Ozbakkaloglu and Lim 2013; Lim and Ozbakkaloglu 2014). The 
focus of these studies was to investigate the axial compressive behaviour of FRP sheet 
confined concrete columns. Also, the available unified stress-strain models were 
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calibrated with smaller number of experimental investigation results of circular CFFT 
columns. In this study, the design oriented unified stress-strain model calibrated with a 
large compiled database of circular CFFT columns with fibres oriented in the 
circumferential direction is developed. Also, Artificial Neural Network (ANN) unified 
stress-strain model to predict the confined concrete strength and ultimate confined 
concrete strain of circular CFFT columns with fibres oriented in any given direction is 
developed. 
In recent years, the use of FRP bar was investigated as a viable alternative of steel bar in 
RC members. A number of experimental studies investigated the axial behaviour of 
FRP bar reinforced concrete columns for the effective application of FRP reinforcement 
in the construction industry (De Luca et al. 2010; Tobbi et al. 2012; Afifi et al. 2014a, 
b). A limited  number of experimental studies were conducted on the behaviour of bar 
reinforced CFFT under axial and flexural loads (Cole and Fam 2006; Mohamed and 
Masmoudi 2010a, b).  
The majority of the research studies conducted on CFFT columns with and without 
reinforcing bars were focused on the behaviour of columns tested under concentric axial 
load. However, most of the columns in actual construction are subjected to combined 
axial and bending moments due to load eccentricities, construction errors and lateral 
loads (Hadi 2006, 2007, 2009). The experimental research studies conducted on CFFT 
columns under eccentric axial load are very limited. Lillistone and Jolly (1997) tested 
GFRP bar reinforced CFFT under axial load at a fixed eccentricity (5% of diameter of 
tube). To bridge the gap in knowledge, this study investigates the experimental and 
analytical behaviour of circular CFFT columns with and without reinforcing bars under 
different eccentric axial loads and four-point load.  
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 Scope of the Research 1.3
This research study investigates the axial and flexural behaviour of circular CFFT 
columns with and without FRP reinforcing bars. The main experimental program in this 
study comprised 16 circular Concrete Filled Carbon FRP Tube (CFRP-CFFT) 
specimens with and without CFRP reinforcing bars and Concrete Filled Glass Fibre 
Tube (GFRP-CFFT) specimens with and without GFRP reinforcing bars of 203 mm 
inner diameter and 812 mm height.  The specimens were tested under concentric and 
eccentric axial loads and four-point load. Eight CFFT specimens were without FRP 
reinforcing bars and eight CFFT specimens were reinforced with FRP reinforcing bars. 
In this experimental investigation, the CFRP and GFRP tubes with inner layer of fibres 
oriented in the circumferential direction and the outer layer of fibres oriented 60° to the 
longitudinal direction were selected. Four steel RC (REF) specimens of 205 mm 
diameter and 800 mm height were tested under concentric and eccentric axial loads and 
four-point load as reference specimens. This research study investigates the effects of 
FRP tube confinement and FRP bars and different loading conditions (i.e. concentric 
axial load, 25 mm and 50 mm eccentric axial loads and four-point load) on the load and 
ductility of tested CFFT and steel RC specimens.  
 Objectives of the Research 1.4
The main objectives of this research study are to develop unified stress-strain models 
for circular CFFT columns under concentric axial load and to investigate the axial and 
flexural behaviour of circular CFFT specimens with and without FRP reinforcing bars. 
The specific objectives of this research study are as follows: 
1. To develop unified stress-strain models of circular CFFT columns (fibres 
oriented along the circumferential direction and fibres oriented in any given direction) 
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under concentric axial load to predict the confined concrete strength and ultimate 
confined concrete strain of circular CFFT columns. 
2. To investigate the axial and flexural behaviour of circular CFRP-CFFT 
specimens with and without CFRP reinforcing bars and circular GFRP-CFFT specimens 
with and without GFRP reinforcing bars under concentric and eccentric axial loads and 
four-point loads. 
3. To develop the simplified methods for testing of 15.9 mm diameter GFRP bar 
and 15 mm diameter CFRP bar in compression and tension. 
4. To construct the analytical axial stress-axial strain curves of CFFT cylinders and 
axial load-axial deformation curves of CFFT specimens tested under concentric axial 
load. Also, to propose an equation to predict the axial load capacity of circular CFFT 
specimens with and without FRP reinforcing bars tested under concentric axial load. 
5. To construct the analytical axial-flexural interactions of circular CFRP-CFFT 
specimens with and without CFRP reinforcing bars and GFRP-CFFT specimens with 
and without GFRP reinforcing bars by adopting the available FRP confined concrete 
design codes using equivalent rectangular stress block method. 
6. To construct the analytical axial-flexural interactions of circular CFFT 
specimens with and without FRP reinforcing bars and steel RC (REF) specimens using 
layer by layer numerical integration method. 
 Outline of Thesis 1.5
This thesis comprises ten chapters. The contents of the thesis are briefly summarized in 
this section. 
In Chapter 1, the beneficial aspects of FRP reinforcement for concrete structures, the 
research significance, scope and objectives of thesis are outlined. 
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In Chapter 2, a review of the available experimental investigations of axial compressive 
behaviour and flexural behaviour of circular CFFT columns is presented and discussed. 
Also, the available experimental investigations of axial-flexural interactions of circular 
CFFT columns are reviewed. 
In Chapter 3, a review of the available experimental investigations of FRP bars tested in 
compression and tension is presented and discussed. Also, the experimental 
investigations of axial compressive behaviour and flexural behaviour of FRP bar 
reinforced concrete columns are reviewed. The axial compressive behaviour of FRP bar 
reinforced CFFT columns and flexural behaviour of FRP bar reinforced CFFT members 
are reviewed. 
In Chapter 4, a review of the available stress-strain models of circular FRP confined 
concrete and unified stress-strain models of circular FRP confined concrete is presented 
and discussed. Also, the stress-strain models of circular FRP confined concrete in the 
available FRP design codes are reviewed. 
In Chapter 5, a CFFT database comprising 134 circular CFFT columns (fibres oriented 
along the circumferential direction) under concentric axial load is compiled and 
analysed from 599 CFFT specimens available in the literature. Design oriented models 
are proposed to predict the confined concrete strength and ultimate confined concrete 
strain of circular CFFT columns (fibres oriented along the circumferential direction) 
under concentric axial load. 
In Chapter 6, a CFFT database comprising 104 circular CFFT columns (fibres oriented 
in direction other than the circumferential direction) under concentric axial load is 
compiled and analysed from 599 CFFT specimens available in the literature. The CFFT 
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databases presented in this Chapter and in the Chapter 5 are analysed and used in the 
ANN analysis. The ANN models are proposed to predict the confined concrete strength 
and ultimate confined concrete strain of circular CFFT columns with fibres oriented in 
any given direction under concentric axial load. 
In Chapter 7, details of the experimental program (pilot test program and main 
experimental program) and design, fabrication and instrumentation of test specimens are 
presented. Also, the test procedures of specimens under concentric and eccentric axial 
loads and four-point load are presented. 
In Chapter 8, experimental results of the preliminary material testing conducted to 
determine the mechanical properties of concrete, and FRP and steel reinforcements are 
presented. The experimental results of the pilot test program are presented and 
compared with the available experimental investigation results of FRP sheet confined 
concrete cylinders. Also, the experimental results of the main test program under 
concentric and eccentric axial loads and four-point loads are presented and discussed. 
In Chapter 9, analytical modelling of the CFFT cylinders (pilot test program) and the 
CFFT specimens (main experimental program) tested under concentric axial load are 
presented and discussed. Also, an equation to calculate the axial load capacity of FRP 
bar reinforced CFFT specimens is proposed. The axial-flexural interactions of the CFFT 
specimens (main experimental program) constructed using the equivalent rectangular 
stress block and the layer-by-layer numerical integration method were presented and 
discussed. 
In Chapter 10, main conclusions of this research are presented. Also, recommendations 
for the future studies are outlined. 
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2 REVIEW OF CONCRETE FILLED FRP TUBE (CFFT) MEMBERS 
 Preamble 2.1
The assessments and evaluations of the existing steel bar reinforced concrete structures 
showed that a large number of existing steel bar reinforced concrete structures is in need 
of urgent repair and rehabilitation owing to the corrosion of steel reinforcement. The 
FRP sheets are commonly used to repair the deteriorated structures. However, the 
increasing costs of the repair and rehabilitation led the researchers to investigate for a 
more sustainable solution. In the available literature, the Concrete Filled FRP Tube 
(CFFT) was investigated as a viable alternative of steel bar reinforced concrete columns 
for construction of new columns in regions where corrosion of steel reinforcement is a 
major concern. The CFFT can serve as a formwork, confinement and transverse 
reinforcement other than a protective jacket to significantly minimize the corrosion of 
steel reinforcement. In this Chapter, the review of the available studies which 
investigated the axial behaviour, flexural behaviour and axial-flexural interactions of 
CFFT columns are presented and discussed. In the available literature, number of 
studies investigated the behaviour of CFFT columns under dynamic and blast loading 
(Qasrawi et al. 2015a, b, 2016).   
 Emergence of FRP Reinforcement  2.2
Steel bar Reinforced Concrete (RC) columns are used in bridges and buildings to 
transfer loads from superstructure to substructure. The load carrying capacity of 
reinforced concrete structures is reduced with time due to cracking in concrete which 
results in spalling of concrete cover consequently exposing the steel reinforcement to 
humidity and air which accelerates the corrosion phenomenon. Long periods of 
exposure of the steel reinforcement to corrosive environments reduce the load capacities 
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of concrete structural members. As such, these deteriorated members are required to be 
strengthened either to regain the original or enhance their load carrying capacities.  
In the last three decades, Fiber Reinforced Polymer (FRP) sheets have been commonly 
used in construction industry to strengthen existing concrete structures. Their 
advantageous properties such as high strength to weight ratio, high corrosion resistance, 
electromagnetic inertness and ease of site handling has led to wide range of applications 
in concrete structural members. The FRP reinforcement has been successfully used in 
strengthening and repair of existing concrete and masonry structural elements (Micelli 
and Nanni 2001). The strength deterioration and large repair and maintenance costs of 
steel RC columns over the design life are two of the main concerns associated with steel 
RC columns. The recent figures reported by National Association of Corrosion 
Engineers International showed that United States annually spend about $1 billion for 
marine piling systems and about $2 billion for repairs and replacement of bridge piers 
(Mohamed et al. 2014).  
In the last two decades, Concrete Filled FRP Tube (CFFT) has emerged as a new and 
attractive form of FRP reinforcement for construction of new structural members (e.g. 
bridge piers, building columns and overhead sign structures). The CFFT combines the 
advanced composite form (FRP tube) with concrete for construction of new structural 
members to efficiently use the advantages of FRP reinforcement for increased service 
life and reduced repair and maintenance costs over the design life of the structure. In 
CFFT structural members, FRP tube restrains the lateral dilation of concrete thereby 
increases FRP confined concrete strength and corresponding FRP confined concrete 
strain. Also, FRP tube acts as a longitudinal and transverse reinforcement, FRP tube 
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serves as lightweight formwork, barrier to corrosion accelerating agents and structural 
reinforcement (Mirmiran et al. 1998b; Lillistone and Jolly 2000).  
A number of experimental studies were conducted to investigate the axial behaviour of 
CFFT over the last two decades. It is now well understood that CFFT enhances the 
strength and ductility of confined concrete due to the lateral confinement provided by 
the surrounding FRP tube. In the following the review of the axial behaviour of CFFT 
columns is presented and the factors that affect the confined concrete strength and 
ductility of CFFT columns under axial loads are discussed.  
 Axial Behaviour of Concrete Filled FRP Tube (CFFT) 2.3
The CFFT for new column construction was investigated in the literature as a 
practicable alternative of steel RC column. A number of experimental studies 
investigated the axial behaviour of CFFT columns. These studies noted that CFFT 
columns tested under axial loads exhibited significantly increased confined concrete 
strength and ductility and CFFT columns can serve as an alternative of steel RC 
columns. In this section, the details of the experimental program and test results of the 
CFFT columns under axial load are presented and discussed. 
Mirmiran et al. (1998c) tested Concrete Filled Glass FRP tube confined concrete 
(GFRP-CFFT) specimens to investigate the influence of cross-sectional shape, height to 
diameter ratio and the bond between the confined concrete and FRP confinement. The 
influence of cross-sectional shape was investigated by testing 12 GFRP-CFFT 
specimens of 152.5 mm square cross-section and 305 mm in height and 30 circular 
GFRP-CFFT cylinders of 152.5 mm in diameter and 305 mm in height with 1.45, 2.21 
and 2.97 mm tube thicknesses. The study reported that the confined concrete strength of 
square GFRP-CFFT specimens was smaller than the peak concrete stress whereas in 
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circular GFRP-CFFT cylinders the peak concrete stress and confined concrete strength 
were similar. Also, square GFRP-CFFT specimens were less effective in confining the 
concrete than circular GFRP-CFFT cylinders. The influence of height to diameter ratio 
was investigated by testing 24 circular GFRP-CFFT specimens of 152.5 mm diameter 
and height to diameter ratios of 2, 3, 4 and 5 with 1.45, 2.21 and 2.97 mm tube 
thicknesses. The study reported that the range of height to diameter ratios investigated 
was within the range of short columns and hence no buckling of GFRP tube was 
observed. Moreover, the effect of height to diameter ratio on confined concrete strength 
and ultimate confined concrete strain was insignificant. The influence of bond between 
the confined concrete and FRP confinement was investigated by testing 32 GFRP-CFFT 
cylinders of 152.5 mm in diameter and 305 mm in height. Two types of GFRP tubes 
using single-wrap and multilayered methods were prepared with bonded and unbonded 
interface between confined concrete and FRP confinement. The study reported that 
difference between confined concrete strength and ultimate confined concrete strain 
with bonded or unbonded interface between concrete and FRP confinement was 
insignificant. 
Saafi et al. (1999) tested 18 circular CFFT columns of 152.4 mm in diameter and 435 
mm in height under axial loads. The study investigated the influence of different 
thicknesses and type of fibres in FRP tubes on the confined concrete strength and 
ultimate confined concrete strains of CFFT columns tested under axial loads. The study 
reported increase in confined concrete strengths over the unconfined concrete stresses 
from 51 – 137% for GFRP-CFFT columns, and 57 to 177% for CFRP-CFFT columns. 
Also, increase in ultimate confined concrete strains over unconfined concrete strains 
from 660 – 1100% for GFRP-CFFT columns, and 300 to 788% for CFRP-CFFT 
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columns were reported. The study reported increase in confined concrete strengths over 
the unconfined concrete stresses of 51%, 89% and 137%, respectively for 0.8 mm, 1.6 
mm and 2.4 mm thick GFRP tubes. Also, increase in ultimate confined concrete strains 
over the unconfined concrete strains of 660%, 888% and 1100%, respectively for 0.8 
mm, 1.6 mm and 2.4 mm thick GFRP tubes were reported. The study reported increase 
in confined concrete strengths over the unconfined concrete stresses of 57%, 94% and 
177%, respectively for 0.11 mm, 0.23 mm and 0.55 mm thick CFRP tubes. Also, 
increase in ultimate confined concrete strains over the unconfined concrete strains of 
300%, 540% and 788%, respectively for 0.11 mm, 0.23 mm and 0.55 mm thick CFRP 
tubes were reported. 
Lillistone and Jolly (2000) tested 28 GFRP-CFFT columns of 60 - 400 mm in diameter 
and 120 mm - 800 mm in height under axial loads. The tested columns have height to 
diameter ratio of 2. The study investigated the influence of three fibre orientations (i.e. 
45°, 67.5° and 90° to the longitudinal direction) on the confined concrete strength and 
ultimate confined concrete strain of GFRP-CFFT columns. The study reported that 
GFRP-CFFT columns with fibres oriented 90° to the longitudinal direction exhibited the 
highest confined concrete strengths and the GFRP-CFFT columns with fibres oriented 
45° to the longitudinal direction exhibited the highest ultimate confined concrete strains. 
The GFRP-CFFT columns with fibres oriented 67.5° along the longitudinal direction, 
exhibited higher confined concrete strengths than the GFRP-CFFT columns with fibres 
oriented 45° to the longitudinal direction and higher ultimate confined concrete strains 
than GFRP-CFFT columns with fibres oriented 90° to the longitudinal direction. 
Fam and Rizkalla (2001b) tested nine circular GFRP-CFFT columns under axial 
compression. The specimens were 100 – 219 mm in diameter and 200 – 438 mm in 
 
13 
 
height. The GFRP-CFFT specimens have height to diameter ratio of 2. The study 
investigated the influence of confinement (steel versus GFRP tube), cross-sectional 
configuration (totally filled, partially filled and tube-in-tube), void size and orientation 
of fibres in GFRP tube on the strength and ductility of tested columns. The study 
reported that GFRP tubes were more effective in confining the concrete than steel helix 
and GFRP tubes with fibres oriented predominantly in the circumferential direction 
exhibited higher strength and ductility than GFRP tubes with fibres oriented in the 
longitudinal direction. The study reported that totally filled GFRP-CFFT columns 
exhibited higher confined concrete strengths and ductility than partially filled GFRP-
CFFT and tube-in-tube columns. Moreover, tube-in-tube columns exhibited higher 
confined concrete strengths and ductility than partially filled GFRP-CFFT columns. The 
study reported that larger void size GFRP-CFFT columns exhibited lower confined 
concrete strengths and ductility than smaller void-size GFRP-CFFT columns.  
Hong and Kim (2004) tested 14 circular CFRP-CFFT columns of 300 mm in diameter 
and 600 mm in height and four square CFRP-CFFT columns of 250 mm square cross-
section and 600 mm in height under axial loads. The study investigated the influence of 
cross-sectional shape, orientation of fibres in CFRP tube and thicknesses of CFRP tube 
on the confined concrete strength and ultimate confined concrete strains of CFRP-CFFT 
columns. The study reported higher increase in confined concrete strengths and ultimate 
confined concrete strains of circular CFRP-CFFT columns than square CFRP-CFFT 
columns. This was attributed to the fact that circular CFFT sections provided the larger 
confinement than the square CFFT sections. The study investigated four orientations of 
the fibres with respect to the longitudinal direction in CFRP tubes i.e. 90°±30°, 
90°±45°, 90°±60° and 90°±90°. The study reported that confined concrete strengths 
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were increased with an increase in the percentage of the fibres oriented along the 
circumferential (90° to the longitudinal) direction of the tube. The CFRP-CFFT 
columns with fibre orientation of 90°±60° exhibited the larger confined concrete 
strengths and ultimate confined concrete strains than the CFRP-CFFT columns with 
fibre orientation of 90°±90°. This is because the CFRP-CFFT columns with fibre 
orientation of 90°±90° failed prior to reaching the ultimate strains of FRP confinement 
due to ring separation of fibres whereas in the CFRP-CFFT columns with fibre 
orientations of 90°±60° the longitudinal component of the skew fibres prevented the 
ring separation failure. The ring separation of fibres occurred because of the lack of the 
fibre component in the FRP tube in the longitudinal direction. The increase in thickness 
of CFRP tube resulted in marginal increase in confined concrete strength and ultimate 
confined concrete strain of CFRP-CFFT columns.  
Ozbakkaloglu and Oehlers (2008a) tested six square CFRP-CFFT columns of 200 mm 
square cross-section and nine rectangular CFRP-CFFT columns of 150 x 300 mm cross-
section under axial loads. The tested CFRP-CFFT columns were 600 mm in height. The 
study investigated the influences of three corner radii of 10, 20 and 40 mm and two 
CFRP tube thicknesses of 0.234 and 0.585 mm on the confined concrete strengths and 
ultimate confined concrete strains of CFRP-CFFT columns. In the tested columns, the 
fibres were oriented along the circumferential direction. The study reported that increase 
in the corner radius of CFRP tube resulted in increased confined concrete strengths and 
ultimate confined concrete strains of both square and rectangular CFRP-CFFT columns. 
The study reported that increase in corner radius resulted in higher confined concrete 
strengths and ultimate confined concrete strains in square CFRP-CFFT columns than 
rectangular CFRP-CFFT columns. This is attributed to higher confinement effectiveness 
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of square CFRP tubes than rectangular CFRP tubes. The study reported that increase in 
CFRP tube thickness resulted in significant increase in the confined concrete strengths 
and ultimate confined concrete strain of CFRP-CFFT columns. The study concluded 
that for a given level of confinement, the confined concrete strength and ultimate 
confined concrete strain of square CFRP-CFFT columns were higher than rectangular 
CFRP-CFFT columns. 
Park et al. (2011) tested 18 circular GFRP-CFFT columns of 150 mm in diameter and 
300 mm ( DH = 2), 450 mm ( DH = 3) and 600 mm ( DH = 4) in height under axial 
loads. The study investigated the influence of GFRP tube thickness, height to diameter 
ratio and concrete strength. The study reported that increase in GFRP tube thickness 
resulted in significant increase in the confined concrete strengths and ultimate confined 
concrete strains of GFRP-CFFT columns. The study reported that the confined concrete 
strength and ultimate confined concrete strain of GFRP-CFFT columns were marginally 
affected within the range of height to diameter ratio investigated here. The increase in 
concrete strength from 32 MPa to 54 MPa resulted in almost two times increase in the 
confined concrete strength and ultimate confined concrete strain. 
Ozbakkaloglu (2013a) tested CFFT cylinders under axial loads to investigate the 
influence of the effect of cross-sectional shape, concrete strength, type of FRP tube, size 
and cross-sectional shape of CFFT and manufacturing method on the confined concrete 
strength, ultimate confined concrete strain and circumferential rupture strain of CFFT. 
The tested CFFT cylinders were 74 – 305 mm in diameter and 150 – 605 mm in height. 
The study reported that the range of CFFT diameters investigated in this study has no 
major influence on the confined concrete strength and ultimate confined concrete strain 
of CFFT cylinders. The study reported that for a given FRP confinement and concrete 
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strength increase in concrete strength resulted in the reduction in the confined concrete 
strength, ultimate confined concrete strain and circumferential rupture strain of CFFT 
cylinders. The study reported that the CFFT cylinders and FRP sheet confined concrete 
cylinders exhibited similar confined concrete strengths, ultimate confined concrete 
strains and circumferential rupture strains. The CFFT cylinders with tubes manufactured 
with filament winding method exhibited higher confined concrete strengths and ultimate 
confined concrete strains than the CFFT cylinders with tubes manufactured with wet 
lay-up method. The study reported that Concrete Filled Aramid FRP Tube (AFRP-
CFFT) cylinders exhibited higher confined concrete strength and ultimate confined 
concrete strain than Concrete Filled Carbon FRP Tube (CFRP-CFFT) cylinders. The 
CFRP-CFFT cylinders exhibited higher confined concrete strength and ultimate 
confined concrete strain than Concrete Filled High Modulus Carbon FRP Tube 
(HMCFRP-CFFT) cylinders. The study reported that circular CFFT cylinders exhibited 
higher confined concrete strength and ultimate confined concrete strain than square and 
rectangular CFFT cylinders as circular tubes provide higher confinement than square 
and rectangular tubes. Moreover, to attain similar level of confinement, square and 
rectangular CFFT require larger number of fibres in the tube than circular CFFT which 
can significantly increase the construction costs. 
Vincent and Ozbakkaloglu (2013a) tested 55 CFRP-CFFT cylinders under axial loads to 
investigate the influence of different concrete strengths and confinement techniques on 
the confined concrete strength and ultimate confined concrete strain. The CFRP-CFFT 
cylinders were 152 mm in diameter and 305 mm in height. The study investigated three 
concrete strengths of 35 MPa, 65 MPa and 100 MPa. The concrete strengths of 35 MPa, 
65 MPa and 100 MPa represented Normal Strength Concrete (NSC), High Strength 
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Concrete (HSC) and Ultra High Strength Concrete (UHSC), respectively. The study 
reported that increase in the concrete strength resulted in decrease in the ratio of 
confined concrete strength to unconfined concrete strength (strength enhancement ratio) 
and ratio of ultimate confined concrete strain to unconfined concrete strain (strain 
enhancement ratio). The increase in the concrete strength resulted in increase in the 
concrete brittleness which changed the concrete crack pattern from heterogeneous 
micro-cracks to homogenous macro-cracks. The study reported that NSC CFRP-CFFT 
cylinders exhibited larger strength enhancement ratios and strain enhancement ratios 
than HSC CFRP-CFFT and UHSC CFRP-CFFT cylinders. HSC CFRP-CFFT and 
UHSC CFRP-CFFT cylinders require larger FRP confinement than NSC CFRP-CFFT 
cylinders to attain similar strength and strain enhancement ratios. The study reported 
that CFFT cylinders and FRP sheet confined concrete cylinders exhibited similar 
confined concrete strengths and ultimate confined concrete strains. However, at the 
unconfined concrete peak stress the CFFT cylinders exhibited shorter transition region 
than FRP sheet confined concrete cylinders. 
Vincent and Ozbakkaloglu (2013b) tested 18 AFRP-CFFT cylinders under axial load to 
investigate the influence of orientation of fibres in FRP tube and specimen end 
condition. In the study six AFRP sheet confined concrete cylinders were also tested 
under axial load to investigate the differences in confined concrete strengths and 
ultimate confined concrete strains of FRP tube and FRP sheet confined concrete 
cylinders. The test cylinders were 100 - 152 mm in diameter and 200 – 305 mm in 
height. The study investigated the influence of four fibre orientations of 45°, 60°, 75° 
and 88° with respect to the longitudinal direction on the confined concrete strength and 
ultimate confined concrete strain of AFRP-CFFT cylinders. The study reported that 
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ratio of confined concrete strength to unconfined concrete strength (strength 
enhancement ratio) and ratio of ultimate confined concrete strain to unconfined concrete 
strain (strain enhancement ratio) of AFRP-CFFT cylinders was increased as the fibres 
were aligned in the circumferential direction (88° with respect to the longitudinal). The 
AFRP-CFFT cylinders with fibre orientations of 45°, 60°, 75° and 88° with respect to 
the longitudinal direction exhibited strength enhancement ratios of 1.02, 1.01, 1.35 and 
1.99, respectively.  The AFRP-CFFT cylinders with fibre orientations of 45°, 60°, 75° 
and 88° with respect to the longitudinal direction exhibited strain enhancement ratios of 
1.58, 4.02, 4.35 and 8.91, respectively. The study reported that the CFFT cylinders 
tested with steel plates fixed at the ends exhibited marginally lower strength 
enhancement ratios and higher strain enhancement ratios than CFFT cylinders tested 
without steel plates. The study reported that the CFFT cylinders exhibited marginally 
higher strength enhancement ratios and lower strain enhancement ratios than FRP sheet 
confined concrete cylinders, however confinement technique was found to have no 
significant influence on circumferential rupture strains. The study concluded that the 
end specimen condition and confinement method has no significant influence on the 
strength and strain enhancement ratios. 
Ozbakkaloglu and Vincent (2013a) tested 83 circular AFRP-CFFT, CFRP-CFFT and 
HMCFRP-CFFT cylinders under axial load to investigate the influence of fibre type, 
diameter, concrete strength and manufacturing method of tubes on the confined concrete 
strength and ultimate confined concrete strain of CFFT cylinders. The test cylinders 
were 75 – 300 mm in diameter with height to dimeter ratio of 2. The study reported that 
diameter of CFFT has no significant influence on the confined concrete strength, 
ultimate confined concrete strain and circumferential rupture strains. The study reported 
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that different types of fibres in CFFT resulted in marginal variations in confined 
concrete strengths but significant variations in ultimate confined concrete strains. The 
HMCFRP-CFFT cylinders exhibited higher confined concrete strengths than CFRP-
CFFT and AFRP-CFFT cylinders whereas the CFRP-CFFT cylinders exhibited higher 
confined concrete strength than AFRP-CFFT cylinders. The AFRP-CFFT cylinders 
exhibited higher ultimate confined concrete strains than CFRP-CFFT and HMCFRP-
CFFT cylinders whereas the CFRP-CFFT cylinders exhibited higher ultimate confined 
concrete strains than HMCFRP-CFFT cylinders. The large variations in ultimate 
confined concrete strains were attributed to increase in fibre brittleness which increased 
with increase in the modulus of elasticity of fibres. The study investigated the influence 
of concrete strength by testing CFFT cylinders with concrete strengths varying from 34 
MPa to 110 MPa. The study reported that confined concrete strengths, ultimate confined 
concrete strains and circumferential rupture strains decreased with increase in concrete 
strengths. This trend was attributed to increase in the brittleness of the concrete with 
increase in the concrete strength. The study reported that the CFFT cylinders 
manufactured with filament winded tubes exhibited higher confined concrete strengths 
and ultimate confined concrete strains than the CFFT cylinders manufactured by wet 
lay-up technique. This was attributed to the higher fibre volume fraction, reduced fibre 
waviness and better precision in fibre alignment in FRP tube. 
 Flexural Behaviour of Concrete Filled FRP Tube (CFFT) 2.4
In the available literature, a number of studies investigated the flexural behaviour of 
CFFT as FRP tube confines the concrete in the compression side and increases the 
structural stiffness in both axial and circumferential directions. In addition, failure of 
CFFT was ductile with significant warning before rupture of FRP tube. The 
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experimental studies reported that the flexural behaviour of CFFT depends on the 
stiffness and diameter to thickness ratio of FRP tube. Also, the CFFT exhibits higher 
flexural strength than steel RC beam. Moreover, fibres in the FRP tube orientated 
perpendicular to flexural load serve as longitudinal reinforcement which was effective 
in resisting load and hence increase the flexural strength. The longitudinal fibres in FRP 
tube were effective in flexure whereas circumferential fibres contributed in confining 
the concrete and increasing the shear resistance of concrete. In this section, the 
experimental program and test results of CFFT tested under flexure are presented and 
discussed. 
Mirmiran et al. (2000) tested 16 circular GFRP-CFFT specimens under flexural load. 
The study investigated two types of GFRP-CFFT specimens. Type-I consisted of GFRP 
tube of 348 mm inner diameter and 2.75 mm length. Type-II consisted of GFRP tube of 
356 mm inner diameter and 2.75 m length. In Type-I the fibres were oriented along 
longitudinal and skew (±45° to the longitudinal) directions and in Type-II fibres were 
oriented along ±55° to the longitudinal direction. In Type-I there were 40 fibre layers 
and in Type-II there were 17 fibre layers. The reinforcement ratios of Type-I and Type-
II GFRP tubes were 15.44 and 7.03, respectively. The moment capacity of Type-I 
GFRP-CFFT beams was twice that of Type-II GFRP-CFFT beams. The midspan 
deflections of Type-II GFRP-CFFT beams were twice that of Type-I GFRP-CFFT 
beams. The larger midspan deflection was attributed to lower modulus of elasticity of 
Type-II GFRP-CFFT than Type-I GFRP-CFFT beams. 
Davol et al. (2001) reported the experimental results of two large scale circular GFRP-
CFFT specimens of 343 mm inner diameter and 7.92 m length tested under four-point 
load. The thickness of GFRP tubes of the first and second specimens were 9.65 mm and 
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8.89 mm, respectively. In GFRP-CFFT specimens, the fibres were oriented along 90° 
and ±10° with respect to the longitudinal direction. In the second specimen, the number 
of the fibres oriented along the circumferential direction was larger than the first 
specimen. The second GFRP-CFFT specimen failed at 1.5 times larger longitudinal 
strain than the first GFRP-CFFT specimen. This was attributed to the larger number of 
circumferential fibres in the second GFRP-CFFT specimen than the first GFRP-CFFT 
specimen which reduced the local bucking of the fibres in GFRP tube. The first GFRP-
CFFT specimen carried the smaller flexural load than the second GFRP-CFFT 
specimen. 
Fam and Rizkalla (2001b) tested eight circular GFRP-CFFT beams and two concrete 
filled steel tube beams. The beams were 89 – 169 mm in diameter and 2.9 m in length. 
The study investigated the influence of totally filled, partially filled and hollow GFRP 
tubes on the strength and ductility of test specimens. Also, the influence of fibre 
orientation on the strength and ductility of test specimens was investigated. The study 
reported that totally filled tubes resulted in higher strength and ductility than hollow 
tubes which failed due to local buckling. The study reported the strength gain of 212% 
for totally filled GFRP tubes with fibres oriented predominantly along the 
circumferential direction, 250% for totally filled GFRP tubes with fibres oriented along 
the longitudinal direction and 49.5% for totally filled steel tubes than their 
corresponding hollow tubes. The study reported that GFRP-CFFT beam with central 
hole carried about 9% smaller confined concrete strength than completely filled GFRP-
CFFT beam, however strength to weight ratio of GFRP-CFFT beam with central hole 
was 35% larger than completely filled GFRP-CFFT beam. The study reported that tube-
in-tube beam with concrete in between the tubes exhibited the higher flexural load than 
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completely filled GFRP-CFFT beam. Also, the GFRP-CFFT beam with inner tube 
positioned towards the tension side exhibited higher flexural load and ductility than the 
completely filled GFRP-CFFT beam.    
Fam and Rizkalla (2002) tested 20 circular GFRP-CFFT specimens of 89 – 942 mm in 
diameter and 1.07 – 10.4 m in length under flexure. The study investigated the influence 
of totally concrete filled GFRP tube, central hole in GFRP-CFFT specimen, tube in tube 
with concrete filling in between (concentric and eccentric) and different orientations of 
fibres in GFRP tube. The study reported that totally concrete filled GFRP tubes 
exhibited higher flexural loads and corresponding deflections than GFRP tubes with 
central hole as concrete contributes in stiffness and moment resistance in compression 
zone and also concrete prevents the inward buckling of the tube. The study reported that 
shifting the central hole in the GFRP-CFFT towards the tension region was more 
effective than providing the central hole in the middle of the GFRP-CFFT. Also, the 
GFRP-CFFT specimens with fibres oriented along both circumferential and longitudinal 
directions were more effective in increasing the flexural load and midspan deflection 
than GFRP-CFFT specimens with fibres oriented along only longitudinal direction 
(pultruded). The pultruded GFRP-CFFT specimens failed in shear due to lack of fibre 
component in the circumferential direction. The study reported that providing an 
additional tube in GFRP-CFFT (tube-in-tube) resulted in larger flexural strength than 
GFRP-CFFT with central hole in the middle. The study concluded that GFRP-CFFT 
specimens with smaller diameter to thickness ratio exhibited higher flexural loads and 
corresponding midspan deflections than GFRP-CFFT specimens with bigger diameter 
to thickness ratio.  
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 Axial-Flexural Interactions of Concrete Filled FRP Tubes 2.5
Fam et al. (2003) presented the experimental results of circular GFRP-CFFT specimens 
tested under concentric and eccentric axial loads and bending. The column specimens 
tested under concentric axial load were 320 – 326 mm in diameter and 980 mm in 
height. The column specimens tested under eccentric axial loads were 326 – 320 mm in 
diameter and 1800 mm in height. The beam specimens tested under bending were 320 - 
326 mm in diameter and 5.5 m in length. In the study, two types of GFRP tubes with 
different orientations of the fibres were used. Type-I consisted of equal percentage 
fibres oriented along 3° and 88° to the longitudinal direction in GFRP tube. Type-II 
consisted of 70% fibres oriented along ±34° and 30% fibres oriented along 80° to the 
longitudinal direction in GFRP tube. The study reported that Type-I GFRP tubes were 
more effective in confining the concrete than Type-II GFRP tubes as larger percentage 
of fibres in Type-I GFRP tubes were oriented along the circumferential direction than 
Type-II GFRP tubes. The experimental axial load bending moment interaction of Type-
I GFRP-CFFT was of larger size than Type-II GFRP-CFFT. The study reported that 
GFRP-CFFT columns tested under applied load eccentricities 231 – 839 mm failed as 
beams by rupturing of fibres on the tension side whereas GFRP-CFFT columns tested 
under applied load eccentricities 11 – 145 mm failed as columns by crushing of fibres in 
the compression side. The study proposed an analytical model which takes into account 
the variable FRP confinement to describe the behaviour of GFRP-CFFT subjected to 
combined axial loads and bending moments. The proposed model was based on the 
strain compatibility and equilibrium of forces acting on GFRP-CFFT. The analytical 
load moment interactions constructed using the variable confinement model matched 
well with the experimental load moment interaction curve. 
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Fam et al. (2005) reported three rectangular GFRP-CFFT specimens tested under 
bending and five rectangular GFRP-CFFT specimens tested under different eccentric 
axial loads. In GFRP tubes, fibres were oriented along ±45° and 90° to the longitudinal 
direction. The column specimens comprised 164 x 271 mm cross-section and 680 mm 
height tested under 0, 25, 50 and 64 mm eccentric axial loads. The beam specimens 
comprised 266 x 374 mm and 164 x 271 mm cross-sections and 2200 mm length tested 
under four-point load. The axial load capacity of GFRP-CFFT columns was decreased 
with increase in the applied load eccentricity form 0 to 64 mm. The columns failed in 
brittle manner by rupturing of tube at the round edges. The GFRP-CFFT beam with 
smaller cross-section carried significantly smaller flexural load than the GFRP-CFFT 
beam with larger cross-section. The study reported that GFRP-CFFT beam with inner 
hole exhibited 77% higher strength to weight ratio than fully filled GFRP-CFFT beam. 
However, the measured axial strains in both types of GFRP-CFFT beam cross-sections 
were similar. Also, the experimental axial load bending moment interaction of tested 
GFRP-CFFT specimens was plotted. 
 Summary 2.6
In this Chapter, a review of the experimental studies which investigated the axial 
behaviour of CFFT column specimens was presented and the influence of different 
parameter that affects the confined concrete strength and ultimate confined concrete 
strain were discussed. Also, a review of the experimental studies which investigated the 
flexural behaviour of CFFT beam specimens was presented and the influence of 
different parameters was investigated. The available studies which investigated the 
axial-flexural interactions of CFFT columns were discussed and presented. This Chapter 
leads to a review of FRP bar reinforced concrete members.  
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3 REVIEW OF FRP BAR REINFORCED CONCRETE MEMBERS 
 General 3.1
Steel bar Reinforced Concrete (RC) has been used for more than 100 years. The greatest 
factor limiting the design life of steel RC structural members is the corrosion of steel 
bar. When corroded, the steel bar loses strength and may lead to deterioration in the 
strength and ductility of steel RC structural members. The Fibre Reinforced Polymer 
(FRP) reinforcement was investigated as a viable alternative of steel reinforcement in 
regions where corrosion of steel is a major concern. In this Chapter, the procedures and 
methodologies adopted in the available studies for testing of FRP bars in compression 
and tension are presented and discussed. Also, the available standards for the testing 
FRP bars in compression and tension are presented and discussed.  
In this chapter, the available studies which investigated the axial compressive behaviour 
of FRP bar Reinforced Concrete (FRP-RC) columns are presented and discussed. Also, 
the available studies which investigated the flexural behaviour of FRP-RC beams are 
presented and discussed. A review of axial compressive behaviour of FRP bar 
reinforced CFFT columns and flexural behaviour of FRP bar reinforced CFFT beams 
are presented and discussed.  
 FRP Bars 3.2
The strength and ductility of steel bar Reinforced Concrete (RC) structural members in 
harsh and corrosive environments may decrease due to the corrosion of steel 
reinforcement. The use of FRP reinforcement to strengthen existing structural concrete 
members is on the rise. The FRP reinforcement is available in the form of sheets, plates, 
cables and rods. The FRP reinforcement is considered as a practicable alternative of 
steel reinforcement due to higher ultimate tensile strength to weight ratio, higher 
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corrosion and chemical resistance, and higher electromagnetic inertness of FRP 
reinforcement than steel reinforcement. Although, the initial cost of FRP reinforcement 
is higher, however considering the overall design life of RC members, FRP 
reinforcement is more economical than steel reinforcement. A few of the examples of 
structures with FRP reinforcement are the Xianyyong bridge and the Hulan bridge in 
China, the Ulenbergstrasse bridge and the Schiessbergstrasse bridge in Germany, the 
Shinmiya Highway bridge and the Bachi-Minami-Bashir Highway bridge in Japan, the 
Beddington Trail bridge, the Headingley Bridge and Magog Bridge in Canada, and the 
McKinleyville Bridge and the Morristown bridge in the USA (Lofty 2010). 
In recent years, the use of FRP bar was investigated as a practicable substitute of steel 
bar in RC members for increased service life and reduced repair costs in harsh corrosive 
environments. The FRP bars have excellent resistance to corrosion and chemical attack, 
and higher stiffness to weight ratio than steel bar. One of the promising applications of 
FRP bar is in Near Surface Mounted (NSM) technique to increase the flexural and shear 
strength of deficient RC members. In NSM technique, a groove is cut into concrete in 
the desired direction. The grove is halfway filled with epoxy and then FRP bar is placed 
in the groove and afterwards the groove is completely filled again with epoxy. The other 
promising application of FRP bars is use as a replacement of steel bars in new 
constructions (Zadeh and Nanni 2013). The FRP bars have emerged as an attractive 
alternative of steel bars due to electromagnetic inertness, and long term strength and 
durability of FRP bars in harsh and corrosive environments.  
The use of FRP bars in Reinforced Concrete (RC) members has yet been limited due to 
lower compressive strength of FRP bar than steel bar. The properties of FRP bars in 
compression and tension are required, for the design of FRP bar RC members subjected 
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to axial compression and flexural and also, for quality control. The compression testing 
of FRP bars is complicated due to the micro-buckling of the fibres. In the following 
section a review of the studies of compression testing of FRP bar is presented and 
discussed.  
 Review of Studies of Compression Testing of FRP Bars 3.3
The review of literature reveals that a limited number of research studies were 
conducted to determine the ultimate strength and ultimate strain of FRP bars in 
compression. In this section, the experimental programs, methodologies and results of 
the available studies conducted to determine the properties of FRP bars in compression 
are presented. Also, the relevant standard to test FRP bars in compression is briefly 
presented. 
Chaallal and Benmokrane (1993) tested Glass FRP (GFRP) bars of 15.9 mm, 19.1 mm 
and 25.4 mm diameters under compression to determine the ultimate strength, ultimate 
strain and modulus of elasticity in compression. Three GFRP bars of each diameter 
were tested under compression and the length of each GFRP bar specimen was 2.75 
times the diameter of the bar. The average ultimate strength of 15.9 mm, 19.1 and 25.4 
mm diameter GFRP bars in compression was 492 MPa, 575 MPa and 527 MPa, 
respectively. The average ultimate strain of 15.9 mm, 19.1 mm and 25.4 mm diameter 
GFRP bars in compression was 1.2%, 1.3% and 1.3%, respectively. The average 
modulus of elasticity of GFRP bars in compression was 43 GPa, 46 GPa and 41 GPa, 
respectively. The study reported that the ultimate strength in compression was about 
77.1% of the ultimate strength in tension. 
Kobayashi and Fujisaki (1995) tested three types of FRP bars i.e., Aramid FRP (AFRP), 
Carbon FRP (CFRP) and GFRP bars to determine ultimate strengths in compression. 
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The diameter of the tested FRP bars was 6 mm, 8 mm and 10 mm. The FRP bars were 
anchored at the ends using carbon fibre cones. The anchored length of FRP bar at each 
end was 100 mm. The anchored ends of FRP bar were embedded in concrete prisms. 
The embedment length of the anchored bar was about 197.5 mm at each end and this 
leaves an unbraced length of 5 mm at the centre of the FRP bar. The reported ultimate 
strengths of AFRP, CFRP and GFRP bars in compression were 10%, 30 - 50% and 30 - 
40%, respectively of their ultimate strengths in tension.  
Deitz et al. (2003) conducted the compression testing of 15 mm diameter GFRP bar to 
determine the ultimate strength and modulus of elasticity in compression. The GFRP 
bars used in the compression testing have ribs similar to deformed steel bar. The 
anchorage assembly consisted of threaded steel rods of outer diameter of 50 mm, inner 
diameter of 17.5 mm and length of 135 mm. The forty-five specimens of varying 
unbraced lengths (50 to 380 mm) were tested in compression in hydraulic testing 
machine. The unbraced lengths from 50 to 110 mm (unbraced length to diameter ratio 
of 3.3 to 7.3) resulted in crushing failure in which the fibres were separated from the 
resin and buckled individually under the applied compression. The unbraced lengths 
from 210 to 380 mm (unbraced length to diameter ratio of 14 to 25.3) resulted in 
buckling failure in which the fibres were not separated from the resin and buckled 
together under the applied compression. The unbraced lengths from 110 mm to 210 mm 
(unbraced length to diameter ratio of 7.3 to 14) resulted in combined crushing and 
buckling failure mode. The measured average compressive strength of GFRP bars failed 
in crushing was found to be 50% of the tensile strength. The modulus of elasticity of 
GFRP bar in compression was found to be 42.5 GPa. 
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ASTM D695-10 (ASTM 2010) outlines a “standard test method for compressive 
properties of rigid plastics” including high-modulus composites loaded in compression. 
The ASTM (2010) can be used to determine the ultimate strength and modulus of 
elasticity of FRP bars in compression, when FRP bar specimens are loaded in 
compression at low strain rates. The ASTM (2010) recommends the length of FRP bar 
specimen between 2.75 times the diameter to 4 times the diameter to allow the 
slenderness ratio of the FRP bar specimen in the range of 11 to 16. The ASTM (2010) 
recommends a testing machine capable of applying load at the controlled rate. The 
recommended testing arrangement consists of FRP bar specimen placed truly vertical 
within the surfaces of flat and parallel hardened blocks placed in the compression 
testing machine. The recommended speed of testing is 1.3 ± 0.3 mm per minute.  
 Review of Studies of Tension Testing of FRP Bars 3.4
The testing of FRP bars is more complicated than the testing of steel bars in tension. 
This is attributed to the smaller shear strength of FRP bars than steel bars. The testing of 
FRP bars in tension requires efficiently designed steel anchors to firmly hold the FRP 
bars in the steel grips of the testing machine. The FRP bars without steel anchors will 
fail prematurely in bearing within the steel grips of the testing machine. In general, the 
larger diameter FRP bar requires larger tensile force to rupture and larger shear stresses 
in the steel anchors are developed than the smaller diameter of FRP bar tested in 
tension. In this section, the experimental programs, different designs of steel anchors to 
grip FRP bars and experimental results of FRP bars tested in tension in the available 
research are briefly presented.  
Lees et al. (1995) conducted an experimental investigation to use expansive cement in 
the steel tube anchors to grip the FRP bars without stressing the fibres in the FRP bars. 
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In the study, the Bristar cement manufactured by Onoda Cement Company Limited was 
used. The Bristar cement is a combination of cement and organic expansive agent. The 
Bristar cement grout is a highly expansive material and can develop pressures higher 
than 50 MPa in 2 days under restrained conditions. In the experimental study Bristar 
100 was used which is suitable for the temperatures in the range of 15 to 35°C and 
cement to water ratios in the range of 0.25 to 0.30. The study found that the workability 
of the grout was very sensitive to cement to water ratios. The study found that cement to 
water ratios of 0.275 and 0.285 reached the desired confinement pressures at 72 hours 
and the grouts were sufficiently workable to be poured into the steel tubes. The 
confinement pressure developed in the steel tube due to the Bristar cement grout was 18 
MPa at 24 hours, 25 MPa at 48 hours and 30 MPa at 72 hours.  
Bakis et al. (1996) conducted the experimental investigation to design, manufacture and 
test the FRP bars. The smooth, 11 mm diameter GFRP, CFRP, AFRP and Polyvinyl 
Alcohol (PVA) bars were manufactured to reinforce the concrete. All the bars were of 
approximately 1000 mm length with 170 mm bar length at the ends of the bar was sand 
coated. A gripping system comprising resin potted circumferential wound glass/epoxy 
FRP anchors was developed. To test the FRP bar in tension, a conical pot was placed at 
both ends of the bars. The inside of the conical pot was sand coated to keep the FRP bar 
truly vertical and then the conical pot was filled with epoxy. A rubber washer was glued 
to the smaller end of the conical pot to prevent uncured epoxy leaking from the conical 
pot. Afterwards, the specimens were left to cure at 110°C for 90 minutes. The tested 
specimens failed due to rupture of fibres near the anchored ends. 
Castro and Carino (1998) proposed the wedge gripping arrangement for the testing of 
FRP bars in tension. A steel tube of 23.4 mm outer diameter and 1.1 mm tube thickness 
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was selected as the anchors to hold the FRP bar in the wedge grips. The FRP bar 
specimen preparation for tensile testing included embedding the FRP bar in the steel 
tube anchor and filling the anchor with grout. The time interval between filling two 
anchors of the FRP bar specimens was 1 hour. In the study, the recommended 
embedment length of the FRP bars within anchor was 15 times the diameter of the FRP 
bar. Also, a 10 mm gap between steel tube and bar on both ends was left to ease the 
filling of a grout in the tube. A recommended grout consisted of 1 part water, 1 part 
sand and 4 parts high strength gypsum cement by mass. High strength gypsum mortar 
can attain strength of 40 MPa in 2 hours. The addition of sand in the grout reduced the 
quantity of cement and increased the frictional shear resistance of the matrix material. 
The devised anchor arrangement was used to successfully test 9, 12.7 and 15 mm 
deformed GFRP bars and 12.7 mm round and square smooth GFRP bars in tension. 
However, large variability in the tensile strength in the testing of same dimeter of GFRP 
bar was observed. 
Benmokrane et al. (2000) conducted an experimental program to determine the tensile 
properties of 7.5 mm and 8 mm diameter AFRP bars, and 7.5 mm and 7.9 mm diameter 
CFRP bars. The study proposed the circular cross-section steel tube anchors of 35 mm 
outer diameter, 25 mm inner diameter and 600 mm in length. The cross-section and 
length of steel tube anchors were kept same for testing of different types and diameters 
of FRP bars. The FRP bar specimen was cut to the required length of 1600 mm and 
steel tube anchors (600mm in length) were placed at the ends of FRP bar. The steel tube 
anchors were filled with high performance cement grout. The FRP bar specimens were 
tested under a force controlled application at a rate of 250 MPa/min. The FRP bars 
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tested in tension carried load in the range of 61.1 to 135 kN. All the FRP bar specimens 
tested in tension failed due to the rupture of the fibres in the free length of the bar. 
Kocaoz et al. (2005) tested four types of 12.5 mm diameter GFRP bars in tension using 
an anchorage system comprised steel tube filled with an expansive cement grout. To 
improve the gripping of the GFRP bar in the anchorage system, each GFRP bar was 
threaded to 200 mm at the ends with 2 threads per 10 mm and the depth of each thread 
was selected as 3 mm. The steel tube anchors of 48.26 mm outer diameter, 38.26 mm 
inner diameter and 305 mm length were used. The threaded ends of GFRP bars were 
placed in steel tube anchors which were filled with expansive cement grout having 
water to cement ratio of 0.29. The anchored GFRP bars were tested in tension after 72 
hours. The tested GFRP bars carried loads in the range of 103 to 136 kN. The variation 
in the load carried by tested GFRP bars was attributed to different types of coatings. 
The failure in the tested GFRP bars was initiated due to splitting of the fibres and the 
final failure was characterized by the rupture of the fibres without slippage of the bar. 
Carvelli et al. (2009) introduced an anchor system consisting of two tapered shells 
firmly held in position leaving a conical hole within the tapered shells. The FRP bar was 
centred within the conical hole and filled with resin to form the desired resin heads. The 
concept of this anchor system is that as the FRP bar is pulled the resin head is dragged 
inside the conical hole due to the adhesion between the FRP bar and resin heads. The 
increase in the tensile stresses in the FRP bar results in the resin head been pushed 
inside the conical hole and consequently an increase in the confinement pressure and 
adhesion between FRP bar and resin head until the FRP bar is ruptured. 
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Schesser et al. (2014) proposed the analytical expressions to compute the key 
parameters of expansive cement grout filled anchors such as the minimum length of the 
steel tube anchor, optimum dimensions of the steel tube anchors and the minimum 
volume of expansive cement grout required to fill the gap between the anchor and the 
FRP bar specimen. The expansive cement grout filled anchors were designed based on 
the proposed expressions to successfully test 19 to 38 mm diameter GFRP bars with 
failure loads of up to 534 kN without slippage of bars during the test.  
ASTM D7205/D7205M-11 (ASTM 2011) outlines “A standard test method for tensile 
properties of Fibre Reinforced Polymer matrix composite bars” to determine the short 
term static tensile strength, tensile strain, tensile modulus of elasticity and tensile stress-
strain of fibre reinforced polymer matrix (FRP) composite bars for design purposes. The 
ASTM (2011) provides the guidelines for the steel tube anchors to develop the full 
tensile capacity are discussed below.  
The ASTM (2011) recommends the total length of the FRP bar specimen as the sum of 
free length ( L ) and anchorage lengths ( aL ). The free length ( L ) is the clear length of 
the FRP bar specimen between steel tube anchors. The L  should be greater of 380 mm 
and 40 times the diameter of the FRP bar specimen. The anchorage length ( aL ) is the 
length of the FRP bar specimen bonded within the steel tube anchor and is dependent on 
the diameter of FRP bar. The ASTM (2011) recommends the minimum anchorage 
length for 6.4 mm to 32 mm diameter GFRP bars and 9.5 mm diameter CFRP bar. The 
specified ratio of the minimum anchorage length to the diameter of GFRP bar specimen 
decreases from 46.4 to 15.9 for 6.4 mm to 29 mm diameter GFRP bars. The specified 
ratio of the minimum anchorage length to the diameter of FRP bar specimen, for 32 mm 
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GFRP bar is 25 and for 9 mm CFRP bar is 48.4. The ASTM (2011) recommends a 
minimum wall thickness of steel tube anchor of 4.8 mm to prevent stress concentrations. 
The minimum grout spacing between the outer surface of FRP bar and the inner wall of 
the steel tube of 4 mm is recommended.  
The ASTM (2011) recommends an expansive cement grout filled steel tube anchor for 
tensile testing of FPR bars that require up to 400 kN force to rupture the FRP bar 
specimen. The recommended steel tube anchor is filled with either polymer resin or 
resin and sand (1:1 by weight) or expansive cement grout. The cured resins and 
expansive cement grouts exert uniform confinement pressure on the inside of the steel 
tube which in return confines the grout and FRP bar. The commercially available 
expansive cements used for the destruction of concrete and stone masses are able to 
develop the required confinement pressures and rigidities in the steel tube anchors. The 
main component of such expansive cement grout is Calcium oxide (CaO) and 
commercially sold as Bristar 100 by Onoda Cement, Japan. The cured Bristar 100 
expansive cement exerts maximum confinement pressures in between 48 to 72 hours. 
The ASTM (2011) recommends that expansive cement grouts should be poured into the 
steel tube anchors 12 hours after pouring the grout to cast the other anchor. It is to be 
noted that ASTM (2011) does not cover the tensile testing of 15 mm diameter CFRP 
bar. 
 Axial Behaviour of FRP Bar Reinforced Concrete Columns 3.5
In recent years, FRP bar was investigated as a practicable replacement of steel bar in RC 
members in axial compression. Numerous experimental studies were conducted to 
investigate the axial load-axial deformation behaviour of FRP bar reinforced concrete 
columns for the effective application of FRP reinforcement in the construction industry. 
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The FRP reinforcement exhibits significantly higher corrosion resistance than steel 
reinforcement in RC columns. However, the axial load carrying capacity of FRP bar 
reinforced concrete columns was reported to be 5 – 13% smaller than the axial load 
capacity of steel bar reinforced concrete columns. Also, the contribution of FRP bars in 
the axial load capacity of FRP bar reinforced concrete column was found to be smaller 
than the contribution of steel bars in steel bar reinforced concrete columns. In this 
section, the details of the experimental program and test results of FRP bar reinforced 
concrete column studies are presented. Also, the available design codes of FRP bar 
reinforced concrete columns are presented. 
Alsayed et al. (1999) tested GFRP bar reinforced concrete columns and steel bar 
reinforced concrete columns of 450 x 250 mm rectangular cross-section and 1200 mm 
height under axial loads. The test columns were divided into five groups with three 
columns in each group. The first group comprised concrete columns longitudinally 
reinforced with six 16 mm diameter steel bars and transversely reinforced with nine 
steel ties of 6 mm diameter. The second group comprised concrete columns 
longitudinally reinforced with six 16 mm diameter steel bars and transversely reinforced 
with nine GFRP ties of 6.35 mm diameter. The third group comprised concrete columns 
longitudinally reinforced with six 15.7 mm diameter GFRP bars and transversely 
reinforced with nine steel ties of 6 mm diameter. The fourth group comprised concrete 
columns longitudinally reinforced with six 15.7 mm diameter GFRP bars and 
transversely reinforced with nine GFRP ties of 6.35 mm diameter. The fifth group 
comprised unreinforced concrete columns. The study reported that GFRP bar reinforced 
concrete columns carried 13% smaller axial load capacity than steel bar reinforced 
concrete columns. The axial load capacity of reinforced concrete columns was reported 
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to be reduced by about 10% of the axial load capacity by replacing steel ties with GFRP 
ties. 
De Luca et al. (2010) tested four full scale GFRP bar reinforced concrete columns of 
610 mm square cross-section and 3000 mm height under axial loads. The concrete 
columns were reinforced with eight 25.4 mm diameter GFRP bars obtained from two 
different sources. The concrete columns were transversely reinforced with 12.7 mm 
diameter GFRP ties with pitches of 76 mm and 305 mm. A steel bar reinforced concrete 
column was longitudinally reinforced with eight 25.4 mm diameter steel bars and 
transversely reinforced  with 12.7 mm diameter steel ties was tested under axial load as 
a reference column. The study reported that GFRP bars carried only 5% of the axial 
load capacity of GFRP bar reinforced concrete column whereas steel bars carried about 
12% of the axial load capacity of steel bar reinforced concrete column. The study 
concluded that the axial load carried by GFRP bars should be ignored in calculating the 
axial load capacity of GFRP bar reinforced concrete column. The study also concluded 
that different pitches of GFRP ties do not affect the axial load capacity of GFRP bar 
reinforced concrete columns. However, the smaller pitches delayed the buckling of 
longitudinal bars and effectively restrain the lateral dilation of the confined concrete and 
hence crushing of concrete. 
Tobbi et al. (2012) tested five GFRP bar reinforced concrete columns, two steel bar 
reinforced concrete columns and an unreinforced concrete column under axial load. All 
tested columns were of 350 mm square cross-section and 1400 mm length. All the 
reinforced concrete columns had similar longitudinal reinforcement ratios. Three GFRP 
bar reinforced concrete columns were longitudinally reinforced with eight 19 mm 
diameter GFRP bars and transversely reinforced with 12.7 mm diameter GFRP ties with 
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pitch of 120 mm. The other two GFRP bar reinforced concrete columns were 
longitudinally reinforced with twelve 15.9 mm diameter GFRP bars and transversely 
reinforced with 12.7 mm diameter GFRP ties with pitches of 120 mm and 80 mm. The 
two steel reinforced concrete columns were longitudinally reinforced with eight 16 mm 
diameter steel bars and transversely reinforced with 11.3 mm steel ties with pitches of 
330 mm and 120 mm. The study reported that GFRP bars carried 10% of the axial load 
capacity of GFRP bar reinforced concrete column which was comparable to the 12% of 
the axial load capacity of steel bar reinforced concrete column carried by steel bars. The 
study concluded that the axial load capacity of GFRP bar reinforced concrete column 
can be reasonably estimated by taking into account the compressive strength of GFRP 
bar as 35% of the tensile strength.  
Pantelides et al. (2013) tested four hybrid reinforced concrete columns, two GFRP bar 
reinforced concrete columns and four steel bar reinforced concrete columns of 254 mm 
diameter and 711 mm height under axial load. The hybrid reinforced concrete columns 
were longitudinally reinforced with four 13 mm diameter steel bars and transversely 
reinforced with 10 mm diameter GFRP helix with pitch of 76 mm. The GFRP bar 
reinforced concrete columns were longitudinally reinforced with four 16 mm diameter 
GFRP bars and transversely reinforced with 10 mm diameter GFRP helix with pitch of 
76 mm. The steel bar reinforced concrete columns were longitudinally reinforced with 
four 13 mm diameter steel bars and transversely reinforced with 10 mm diameter steel 
helix with pitch of 76 mm. The hybrid reinforced concrete columns and GFRP bar 
reinforced concrete columns carried about 13% and 16%, respectively smaller axial load 
capacity than steel bar reinforced concrete columns. The study concluded that most of 
the corrosion was observed in the steel helix which resulted in the loss of confinement 
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and hence brittle failure. In hybrid reinforced concrete columns minor level of corrosion 
was observed with no visible detrimental effect on the steel bars. In GFRP bar 
reinforced concrete columns almost no corrosion was observed. The hybrid reinforced 
concrete columns and GFRP bar reinforced concrete columns exhibited higher ductility 
than the steel reinforced concrete columns. 
Afifi et al. (2014a) tested nine GFRP bar reinforced concrete columns, two steel bar 
reinforced concrete columns and an unreinforced concrete column under axial loads. All 
the tested columns were 300 mm in diameter and 1500 mm in length. The test columns 
were split into five groups. The first group consisted of an unreinforced concrete 
column and two steel bar reinforced concrete columns which were longitudinally 
reinforced with six 16 mm diameter steel bars and transversely reinforced with 9.5 mm 
diameter steel helix with pitches of 40 and 80 mm. The second group consisted of three 
GFRP bar reinforced concrete columns which were longitudinally reinforced with four, 
eight and twelve 15.9 mm diameter GFRP bars and transversely reinforced with 9.5 mm 
diameter GFRP helix with a pitch of 80 mm. The third group consisted of two GFRP 
bar reinforced concrete columns longitudinally reinforced with eight 15.9 mm diameter 
GFRP bars and transversely with 6.4 mm and 12.7 mm diameter GFRP helices with a 
pitch of 80 mm. The fourth group consisted of two GFRP bar reinforced concrete 
columns longitudinally reinforced with eight 15.9 mm diameter GFRP bars and 
transversely reinforced with 9.5 mm diameter GFRP helix with pitches of 40 and 120 
mm. The fifth group consisted of two GFRP bar reinforced concrete columns 
longitudinally reinforced with eight 15.9 mm diameter GFRP bars and transversely 
reinforced with 6.4 and 12.7 mm diameter GFRP helices with pitches of 35 and 145 
mm. The study reported that GFRP bar reinforced concrete columns carried average 7% 
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smaller axial load capacities than steel bar reinforced concrete columns. Also, GFRP 
bars carried about 5 – 10 % of the axial load capacity of GFRP bar reinforced concrete 
columns. The study reported that axial load capacity of GFRP bar reinforced concrete 
columns can be accurately predicted by taking into account the contribution of GFRP 
bars and the compressive strength of GFRP bar as 35% of the tensile strength. The 
study reported that smaller diameter GFRP helix with smaller pitch was more effective 
in confining the concrete and restraining the buckling of longitudinal GFRP bars than 
larger diameter GFRP helix with larger pitch.  
Afifi et al. (2014b) tested nine CFRP bar reinforced concrete columns, unreinforced 
concrete column and a steel bar reinforced concrete column under axial loads. All the 
columns were of 300 mm indiameter and 1500 mm in height. The columns were divided 
into five groups. The first group consisted of an unreinforced concrete column and steel 
bar reinforced concrete column which was longitudinally reinforced with six 16 mm 
diameter steel bars and transversely reinforced with 9.5 mm diameter steel bar with a 
pitch of 80 mm. The second group consisted of three CFRP bar reinforced concrete 
columns which were longitudinally reinforced with six, ten and fourteen 12.7 mm 
diameter CFRP bars and transversely reinforced with 9.5 mm diameter CFRP helix with 
a pitch of 80 mm. The third group consisted of two CFRP bar reinforced concrete 
columns longitudinally reinforced with ten 12.7 mm diameter CFRP bars and 
transversely reinforced with 6.4 mm and 12.7 mm diameter CFRP helices with a pitch 
of 80 mm. The fourth group consisted of two CFRP bar reinforced concrete columns 
longitudinally reinforced with ten 12.7 mm diameter CFRP bars and transversely 
reinforced with 9.5 mm diameter CFRP helix with pitches of 40 and 120 mm. The fifth 
group consisted of two CFRP bar reinforced concrete columns longitudinally reinforced 
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with ten 12.7 mm diameter CFRP bars and transversely reinforced with 6.4 and 12.7 
mm diameter CFRP helices with pitches of 35 and 145 mm. The study reported that 
CFRP bar reinforced concrete columns carried average 5% smaller axial load capacities 
than steel bar reinforced concrete columns. The CFRP bars carried about 13% of the 
axial load capacities of CFRP bar reinforced concrete columns and steel bars carried 
about 16% of the axial load capacities of steel bar reinforced concrete columns. The 
study reported that the axial load capacities of CFRP bar reinforced concrete columns 
were accurately predicted by taking into account the contribution of CFRP bars and the 
compressive strength of CFRP bar as 25% of the tensile strength. The effect of diameter 
and pitch of CFRP helix was more pronounced on the confinement effectiveness and 
ductility than axial load capacity.    
Mohamed et al. (2014) tested six GFRP bar reinforced concrete columns, six CFRP bar 
reinforced concrete columns, an unreinforced concrete column and a steel bar reinforced 
concrete column under axial load. The test columns were 300 mm in diameter and 1500 
mm in height. The specimens were divided into three groups. The first group consisted 
of six GFRP bar reinforced concrete columns longitudinally reinforced with eight 15.9 
mm diameter GFRP bars and transversely reinforced with 6.4 mm, 9.5 mm and 12.7 
mm diameter GFRP helices or 9.5 mm circular GFRP hoops with lap slice lengths of 
200 mm, 400 mm and 600 mm. The second group consisted of six CFRP bar reinforced 
concrete columns longitudinally reinforced with ten 12.7 mm diameter CFRP bars and 
transversely reinforced with 6.4 mm, 9.5 mm and 12.7 mm diameter CFRP helices or 
9.5 mm diameter circular CFRP hoops with lap slice lengths of 200 mm, 400 mm and 
600 mm. The third group consisted of an unreinforced concrete column and a steel bar 
reinforced concrete column longitudinally reinforced with six 16 mm diameter steel 
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bars and transversely reinforced with 9.5 mm diameter steel helix. The study reported 
that the behaviour of GFRP bar reinforced concrete columns and CFRP bar reinforced 
concrete columns is similar to steel bar reinforced concrete columns. The study reported 
that both GFRP and CFRP bars were effective in carrying the axial loads and their 
contribution should be taken into the account in the axial load capacity of FRP bar 
reinforced concrete column. The FRP hoops and helices were found to be equally 
efficient in confining the concrete.  
Tobbi et al. (2014) tested 20 concrete columns of 350 mm square cross-section and 
1400 mm height under concentric load. The test columns were divided into two groups. 
The first group consisted of seven GFRP bar reinforced concrete columns and a CFRP 
bar reinforced concrete column longitudinally reinforced with eight or twelve GFRP 
bars of 15.9 mm or 19 mm diameter or CFRP bar of 12.7 mm diameter and transversely 
reinforced with 12.7 mm diameter GFRP or 9.5 mm diameter CFRP C-shaped ties or 
closed ties with pitches of 67, 80 mm and 120 mm. The second group consisted of 
eleven steel bar reinforced concrete columns longitudinally reinforced with eight or 
twelve steel bars of 16 mm or 11.3 mm diameter steel bars and transversely reinforced 
with 9.5 mm or 12.7 mm diameter CFRP or 12.7 mm diameter GFRP C-shaped ties or 
closed ties with pitches of 67, 80 and 120 mm. The study reported that closed form ties 
were more effective in confining the concrete than C-shaped ties. Also, the 
configuration and spacing of FRP helical reinforcement significantly affected the 
confinement efficiency of FRP confined concrete columns. The ultimate axial strains of 
FRP bar reinforced concrete columns were about 70% of steel bar reinforced concrete 
columns which showed that FRP bars were effective in carrying axial loads and their 
contribution should be considered in the axial load capacity of FRP bar reinforced 
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concrete columns. The study concluded that larger diameter and larger spacing of CFRP 
ties were more effective in confining the concrete than steel ties of same diameter and 
spacing. 
Hadi et al. (2016) tested eight GFRP bar reinforced concrete columns and four steel 
reinforced concrete columns of 205 mm in diameter and 800 mm in height under 
concentric and eccentric axial loads. The GFRP bar reinforced concrete columns were 
longitudinally reinforced with six 12.7 mm diameter GFRP bars and transversely 
reinforced with 10 mm diameter GFRP bars with pitches of 30 mm and 60 mm. The 
steel bar reinforced concrete columns were longitudinally reinforced with six 12 mm 
diameter deformed steel bars and transversely reinforced with 10 mm diameter steel 
helix. The study reported that GFRP bar reinforced concrete columns carried 12% 
smaller axial load capacity than steel bar reinforced concrete columns. The contribution 
of GFRP bars in GFRP bar reinforced concrete columns was almost half of the 
contribution of steel bars in steel bar reinforced concrete columns tested under 
concentric axial load. The increase in pitch of GFRP helix from 30 mm to 60 mm 
resulted in the reduction in axial load capacity and ductility of GFRP bar reinforced 
concrete column.  
The ACI 440.1R-06 (ACI 2006) guide for the design and construction of structural 
concrete reinforced with FRP bars does not recommend the use of FRP bars as 
longitudinal reinforcement in columns or as compression reinforcement in flexural 
members due to lower compressive strength of FRP bars. However, the confinement 
should be taken into account for FRP bars in compression region of flexural members 
such as in continuous beams to avoid instability of FRP bars and to lower the effect of 
relatively high transverse expansion of some types of FRP bars.  
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The ACI 440.1R-15 (ACI 2015) guide for the design and construction of structural 
concrete reinforced with FRP bar does not include any recommendation for the use of 
FRP bars as longitudinal reinforcement in columns or as compression reinforcement in 
flexural members. The CSA S806-12 (CSA 2012) design and construction of building 
components with fibre reinforced polymers permits the use of FRP bars as compression 
reinforcement in reinforced concrete members but ignores the contribution of FRP bars 
in the axial load capacity of FRP bar reinforced concrete columns.   
 Flexural Behaviour of FRP Bar Reinforced Concrete Beams 3.6
A number of studies investigated the flexural behaviour of FRP bar reinforced concrete 
beams. These studies reported that FPR bar reinforced concrete beams exhibited similar 
ultimate flexural loads than steel bar reinforced concrete beams. However, wider and 
deeper cracks in FRP bar reinforced concrete beams were observed than in steel bar 
reinforced concrete beams which were attributed to the lower modulus of elasticity of 
FRP bars compared to steel bar. In this section, the details of the experimental program 
and test results of FRP bar reinforced concrete beams are presented.  
Saadatmanesh and Ehsani (1991) tested two GFRP bar reinforced beams and three steel 
bar reinforced beams under four-point loads. The beams were of 200 x 460 mm 
rectangular cross-section and 3000 mm length. One GFRP bar reinforced beam was 
reinforced with four 20 mm diameter GFRP bars and the other GFRP bar reinforced 
beam was reinforced with two 13 mm diameter GFRP bars. Both GFRP bar reinforced 
concrete beams were transversely reinforced with 13 mm diameter steel helices with 
pitch of 100 mm. The steel bar reinforced concrete beams were reinforced with 22 mm 
steel bars and transversely reinforced with 10 mm diameter GFRP bar with pitches of 
75, 150 and 300 mm. The study reported that GFRP bars in GFRP bar reinforced 
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concrete beams were effective under the applied four-point load and tension cracks in 
GFRP bar reinforced concrete beams were wider than in steel bar reinforced beams 
which was attributed to the lower modulus of elasticity of GFRP bars. The tested steel 
bar reinforced concrete beams failed in flexure and shear cracks were similar to GFRP 
bar reinforced concrete beams. 
Benmokrane et al. (1995) tested 12 GFRP bar reinforced concrete beams and six steel 
bar reinforced concrete beams of 200 x 300 mm, 200 x 450 mm and 200 x 550 mm 
rectangular cross-sections and 3300 mm length under four-point load. The GFRP bar 
reinforced concrete beams were reinforced with two 19.1 mm diameter GFRP bars and 
the steel bar reinforced concrete beams were reinforced with two 19.1 mm diameter 
steel bars. Half of GFRP bar reinforced concrete beams were reinforced with Isorod 
GFRP bars (ultimate tensile strain of 1.8%) and the other half of GFRP beams were 
reinforced with Kodiak GFRP bars (ultimate tensile strain of 1.4%). All test beams were 
transversely reinforced with 10 mm diameter steel helix in non-constant bending 
moment regions to avoid shear failure. The study reported wider and deeper cracks in 
GFRP bar reinforced concrete beams than in steel bar reinforced concrete beams owing 
to the smaller modulus of elasticity of GFRP bars. The significant flexural cracking was 
observed in GFRP bar reinforced concrete beams similar to steel bar reinforced concrete 
beams. The flexural strengths of GFRP bar reinforced concrete beams were similar to 
steel bar reinforced concrete beams. The beams reinforced with Isorods GFRP bars 
exhibited marginally higher flexural strengths than the beams reinforced with Kodiak 
GFRP bars. 
Masmoudi et al. (1998) tested GFRP bar reinforced concrete beams and a steel bar 
reinforced concrete beams of 200 x 300 mm rectangular cross-section and 3300 mm in 
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length under four-point load. The test GFRP bar reinforced concrete beams were 
divided into four groups with two beams in each group. The first group comprised 
concrete beams reinforced with two 14.9 mm diameter GFRP bars. The second group 
comprised concrete beams reinforced with three 14.9 mm diameter GFRP bars. The 
third group comprised concrete beams reinforced with four 14.9 mm diameter GFRP 
bars. The fourth group comprised concrete beams reinforced with six 14.9 mm diameter 
GFRP bars. All reinforced concrete beams were reinforced with two 10 mm diameter 
steel bars in the compression region and laterally reinforced with 10 mm diameter steel 
stirrups. The study reported three to five times larger crack width in GFRP bar 
reinforced concrete beams than in steel bar reinforced concrete beams. The average 
crack spacing in GFRP bar reinforced concrete beams is independent of the GFRP bar 
reinforcement ratios. The moment carrying capacity of GFRP bar reinforced concrete 
beams was increased with increasing GFRP bar reinforcement ratio. The GFRP bar 
reinforced concrete beams with similar reinforcement ratio as steel reinforced beam 
carried lower flexural loads than steel reinforced concrete beams. 
Rafi et al. (2007) tested one CFRP bar reinforced concrete beam and three steel 
reinforced beams of 120 x 200 mm rectangular cross-section and 2000 mm in length 
under four-point load. The CFRP bar reinforced concrete beam was longitudinally 
reinforced with two 9.5 mm diameter CFRP bars on the tension face and two 8 mm 
diameter steel bars on the compression side. The steel bar reinforced concrete beams 
were longitudinally reinforced with two 10 mm steel bars on the tension side and two 8 
mm diameter steel bars on compression side. The tested beams were laterally reinforced 
with 6 mm diameter helix. The study reported that number of cracks and average 
spacing between the cracks appeared in CFRP bar reinforced concrete beams was 
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similar to cracks and average spacing between the cracks appeared in steel reinforced 
concrete beams. The CFRP bar reinforced concrete beam exhibited larger deflections 
than steel bar reinforced concrete beams. The CFRP bar reinforced concrete beams and 
steel reinforced concrete beams exhibited similar ultimate flexural loads. 
Mostafa et al. (2010) tested two GFRP bar reinforced continuous concrete beams, one 
CFRP bar reinforced continuous concrete beam and one steel reinforced continuous 
concrete beam of 200 x 300 mm rectangular cross-section and 6000 mm in length tested 
under flexural load. The test beams were designed to have similar load carrying 
capacity. The study reported FRP bar reinforced concrete beams exhibited higher 
deflections and wider cracks compared to steel bar reinforced concrete beam. The large 
deflections and wide cracks prior to the failure can be considered as warning before the 
failure of FRP bar reinforced concrete beams. The moment redistribution in FRP bar 
reinforced concrete beams depends upon the reinforcement configuration in beam. 
 Axial and Flexural Behaviour of FRP Bar Reinforced CFFT Columns 3.7
A small number of research studies investigated the behaviour of FRP bar reinforced 
CFFT and steel bar reinforced CFFT columns under axial and flexure loads. In this 
section, the details of the experimental program and test results of FRP bar reinforced 
CFFT and steel bar reinforced CFFT columns under axial and flexural loads are 
presented. 
Fam et al. (2007) tested three Glass FRP Concrete Filled Tube (GFRP-CFFT) 
specimens and three steel helix confined concrete specimens under different load 
conditions. All specimens were reinforced with longitudinal reinforcement. The 
specimens were 219 – 324 mm in diameter and 2.43 – 4.2 m in length. One GFRP-
CFFT specimen and one steel helix confined concrete specimen were tested under shear 
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whereas the other specimens were tested under flexure. The study reported that GFRP 
tube was effective in confining the diagonally cracked concrete core and hence, GFRP-
CFFT specimen exhibited 69% greater shear capacity than steel helix confined concrete 
specimen. The GFRP-CFFT specimens exhibited significantly higher flexural strength 
than steel helix confined concrete specimens. This was attributed to the fact that GFRP 
tube confined the larger concrete cross-sectional area than steel helix. Also, GFRP tube 
has a reinforcing effect in the longitudinal direction because of the fibres oriented in the 
longitudinal direction. The GFRP-CFFT specimens tested under flexure failed in a 
progressive manner leading to a pseudo-ductile behaviour. 
Mohamed and Masmoudi (2008a) tested five steel bar reinforced GFRP-CFFT columns 
under concentric and 15 mm, 30 mm, 45 mm and 60 mm eccentric axial loads. The 
GFRP-CFFT columns were 152 mm in diameter and 912 mm in height. The steel bar 
reinforced GFRP-CFFT columns were longitudinally reinforced with six 10 mm 
diameter deformed steel bars and transversely reinforced with 2.7 mm thick GFRP 
tubes. The fibres in GFRP tube were oriented at ±60 degrees to the longitudinal 
direction. The study reported that peak axial loads of steel bar reinforced GFRP-CFFT 
columns were reduced by 48.3%, 61.1%, 70.8% and 77.0% under applied axial load 
eccentricity of 15, 30, 45 and 60 mm, respectively, compared to peak axial loads of steel 
bar reinforced GFRP-CFFT columns under concentric axial load.  
Mohamed and Masmoudi (2008b) tested seven steel bar reinforced GFRP-CFFT 
columns and a GFRP-CFFT column without longitudinal reinforcing bars. The steel bar 
reinforced GFRP-CFFT columns were longitudinally reinforced with six 10 mm 
diameter deformed steel bars and transversely reinforced with 2.65 mm or 2.85 mm 
thick GFRP tube having fibres oriented along ±60 degrees to the longitudinal direction. 
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The steel bar reinforced GFRP-CFFT columns were 152 mm in diameter. The two 
GFRP-CFFT columns were 608 mm in height ( 4=DH ). The three GFRP-CFFT 
columns were 912 mm in height ( 6=DH ) and the two GFRP-CFFT columns were 
1216 mm in height ( 8=DH ). A GFRP-CFFT column without longitudinal reinforcing 
bar was transversely reinforced with 2.85 mm thick GFRP tube having fibres oriented 
along ±60 degrees to the longitudinal and 152 mm in diameter and 912 mm in height. In 
the study the 28 days concrete strengths of 30 MPa and 45 MPa were used. The study 
reported that steel bar reinforced GFRP-CFFT columns sustained larger axial loads and 
ductility than unreinforced GFRP-CFFT columns due to the dowel action of steel bars 
which prevented the sliding of confined concrete and also delayed the dilation of 
confined concrete. The study reported that 6>DH  resulted in significant reduction in 
the axial load capacity of GFRP-CFFT columns. 
Masmoudi and Mohamed (2011) tested four steel bar reinforced GFRP-CFFT columns, 
four CFRP bar reinforced GFRP-CFFT columns and two steel bar reinforced concrete 
columns under concentric axial loads. The steel bar reinforced GFRP-CFFT columns 
were longitudinally reinforced with six 10 mm diameter deformed steel bars. The CFRP 
bar reinforced GFRP-CFFT columns were longitudinally reinforced with six 9.5 mm 
diameter CFRP bars. The steel bar reinforced GFRP-CFFT columns and CFRP bar 
reinforced GFRP-CFFT columns were transversely reinforced with 2.65 mm thick 
GFRP tube having fibres oriented at ±60 degrees to the longitudinal direction. The steel 
bar reinforced GFRP-CFFT columns and CFRP bar reinforced GFRP-CFFT columns 
were 152 mm in diameter and 610 mm ( 4=DH ), 914 mm ( 6=DH ), 1219 mm                
( 8=DH ) and 1524 mm ( 10=DH ) in heights. The steel bar reinforced concrete 
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columns were longitudinally reinforced with six 10 mm diameter deformed steel bars 
and transversely reinforced with 3.2 mm diameter steel helix with pitch of 50.6 mm. 
The axial load capacity of steel bar reinforced GFRP-CFFT columns was reduced by 
13% with an increase in DH  from 4 to 10. The axial load capacity of CFRP bar 
reinforced GFRP-CFFT columns was reduced by 32% with an increase in DH  from 4 
to 10. The study reported that CFRP bar reinforced GFRP-CFFT columns carried 13% 
smaller axial loads than steel bar reinforced GFRP-CFFT columns. 
Jolly and Lillistone (1998a) tested 23 GFRP bar reinforced GFRP-CFFT columns under 
7.5 mm fixed eccentric (5% of diameter of tube) axial load. The test columns were 150 
mm in diameter and 750 mm ( 5=DH ) or 1500 mm ( 10=DH ) in height. The GFRP 
tubes with thicknesses 2.46 to 2.61 mm having fibres oriented along (48.0, 71.3 and 
83.6 degrees) to the longitudinal direction in GFRP tubes were used. All the test 
columns were transversely reinforced with GFRP tube. The 11 test columns were 
without longitudinal reinforcement and 12 test columns were longitudinally reinforced 
with six 13.5 mm diameter GFRP bars. The study reported that GFRP bar reinforced 
GFRP-CFFT columns carried about 86% larger axial loads than GFRP-CFFT columns 
without longitudinal bars. The test columns with 10=DH  carried 42.4% smaller axial 
loads than the test columns with 5=DH . The change in the fibre orientation from 
83.6 to 71.3 degrees resulted in reduction in the axial load capacity of test specimens by 
about 20.7%. Similarly, the change in the fibre orientation from 83.6 to 48 degrees 
resulted in reduction in the axial load capacity of test specimens by about 37%. 
Cole and Fam (2006) tested two GFRP bar reinforced GFRP-CFFT beams, a CFRP bar 
reinforced GFRP-CFFT beam, a steel bar reinforced concrete beam and two steel bar 
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reinforced GFRP-CFFT beam. The beam specimens were 203 – 219 mm in diameter 
and 2430 mm in length. The GFRP bar reinforced GFRP-CFFT beams were reinforced 
with six 15.9 mm or six 9.5 mm diameter GFRP bars and transversely reinforced with 
3.2 mm thick GFRP tube. A CFRP bar reinforced GFRP-CFFT beam was reinforced 
with six 9.5 mm diameter CFRP bar and transversely reinforced with 3.2 mm thick 
GFRP tube. A steel bar reinforced concrete beam was reinforced with six 15 mm 
diameter steel bars and transversely reinforced with 3.3 mm diameter steel bar. The 
steel bar reinforced GFRP-CFFT beams were reinforced with six 15 mm or six 10 mm 
diameter steel bars and transversely reinforced with 3.2 mm thick GFRP tube. The study 
reported that GFRP tube confined beam carried 69% greater load capacity and 18% 
greater residual load capacity than steel helix confined beam. Also, CFRP bar reinforced 
GFRP-CFFT beam exhibited 43% higher load capacity than GFRP bar reinforced 
GFRP-CFFT beam and this was attributed to higher tensile strength and modulus of 
elasticity of CFRP bar than GFRP bar. The GFRP bar reinforced GFRP-CFFT beam 
exhibited about 5% larger load capacity than steel bar reinforced beam as the tensile 
strengths of GFRP bar and steel bar were similar. The reduction in longitudinal bar 
reinforcement ratios of reinforced GFRP-CFFT beams resulted in 28% reduction in the 
load capacity of steel bar reinforced GFRP-CFFT beams and 47% reduction in the load 
capacity of GFRP bar reinforced GFRP-CFFT beams. 
Mohamed and Masmoudi (2010b) tested four GFRP bar reinforced GFRP-CFFT beams, 
one steel bar reinforced concrete beam and three hybrid beams under four-point load. 
The beam specimens were 203 – 213 mm in diameter and 2000 mm in length. The 
GFRP bar reinforced GFRP-CFFT beams were reinforced with six 15.9 mm diameter 
GFRP bars and transversely reinforced with GFRP tubes of 2.9 mm or 6.4 mm 
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thicknesses. The steel bar reinforced concrete beam was reinforced with six 16 mm 
diameter deformed steel bars and transversely reinforced with 3.4 mm diameter steel 
helix. The two hybrid beams were reinforced with six 16 mm diameter steel bars and 
transversely reinforced with GFRP tube of 2.9 mm thickness. The one hybrid beam was 
reinforced with six 15.9 mm diameter GFRP bars and transversely reinforced with 3.4 
mm diameter steel helix. The tested beams failed in the flexure zone and no shear 
failure was observed. The GFRP-CFFT beams exhibited higher flexural strength, higher 
ductility, higher cracking loads and lower deflections than the beams transversely 
reinforced with steel helices. The study reported that the percentage of the fibres 
oriented parallel to the longitudinal axis significantly affected the flexural strength, 
ductility and deformations of GFRP-CFFT beams. The beams reinforced with steel bars 
exhibited higher flexural strength and lower deflection than beams reinforced with 
GFRP bars.  
 Summary 3.8
In this Chapter, a review of experimental studies conducted on compression and tension 
testing of FRP bars and FRP bar reinforced concrete members tested under axial and 
flexural loads is presented and discussed. Also, a review of steel bar reinforced CFFT 
and FRP bar reinforced CFFT members tested under axial and flexural load is presented 
and discussed. The review of available studies highlighted the beneficial aspects of FRP 
reinforcement in reinforced concrete members and CFFT columns. The extensive 
review of literature showed that there is a gap in the existing literature about the 
behaviour of CFFT columns tested under eccentric axial loads and four-point load and 
the behaviour of longitudinal FRP bar reinforced CFFT columns tested under concentric 
and eccentric axial loads and four-point load. In this study, experimental and analytical 
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investigations are designed to study the behaviour of CFFT columns tested under 
eccentric axial loads and four-point load and the behaviour of longitudinal FRP bar 
reinforced CFFT columns tested under concentric and eccentric axial loads and four-
point load. In Chapter 4, the available stress-strain models of FRP confined concrete 
will be reviewed to understand the behaviour of FRP bar reinforced members and CFFT 
members with and without reinforcing bars under axial and flexural loads. 
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4 REVIEW OF CIRCULAR FRP CONFINED CONCRETE STRESS-STRAIN 
MODELS 
 General 4.1
In the last two decades, the Concrete Filled FRP Tube (CFFT) was investigated as a 
viable alternative of steel reinforcement for the construction of new columns in areas 
where corrosion of steel reinforcement is a major concern. In Chapter 3, an extensive 
review of available FRP bar reinforced columns and FRP bar reinforced CFFT columns 
tested under axial load and four-point load is presented. In the available literature, a 
large number of studies developed stress-strain models to predict the behaviour of FRP 
confined concrete columns. In this chapter, the progression of research related to the 
stress-strain behaviour of circular FRP confined concrete is presented and discussed. 
The well-known stress-strain models of circular FRP confined concrete are presented 
and discussed. The well-known unified stress-strain models developed to determine the 
confined concrete strength and ultimate confined concrete strain of circular FRP 
confined concrete columns are presented and discussed. Also, the FRP confined 
concrete stress-strain models in the available FRP design codes are presented and 
discussed. 
 Introduction 4.2
Richart et al. (1928) first identified the increase in axial compressive strength by 
restraining the lateral dilation of concrete using hydrostatic confinement pressure. The 
lateral confinement provided to the concrete was assumed to be activated with 
hydrostatic confinement pressure uniformly applied over the cylindrical concrete 
specimen. Based on the extensive experimental results, Richart et al. (1928) proposed 
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Equation (4.1) to calculate the confined concrete strength ( ccf ' ) and Equation (4.2) to 
calculate the ultimate confined concrete strain ( cuε ). 
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where cof  is unconfined concrete strength, coε  is unconfined concrete strain 
corresponding to cof , 1k  and 2k  are the confinement effectiveness coefficients, 
1.41 =k  and 12 5kk = , and lf  is lateral confinement pressure. 
Since then a large number of studies investigated the effect of restraining the lateral 
dilation of concrete on the confined concrete strength and corresponding confined 
concrete strain of steel Reinforced Concrete (RC) and FRP confined concrete columns. 
The confinement mechanism to restrain the lateral dilation of confined concrete is 
broadly categorized as active confinement and passive confinement mechanisms. In 
active confinement mechanism, the confinement pressure is independent of the lateral 
dilation of the concrete and the confinement is provided by either prestressing or post 
tensioning in some manner. On the other hand, passive confinement mechanism is 
dependent on the lateral dilation of the concrete and is activated by the increasing lateral 
dilation of the concrete under the applied axial load due to Poisson’s effect. The 
confinement mechanisms of steel reinforced concrete and FRP confined concrete 
columns, falls in the category of the passive confinement and are discussed in detail in 
the following sections. 
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 Confinement Mechanism of Steel Confined Concrete 4.2.1
In circular steel helix confined concrete columns, the confinement pressure applied by 
the steel helix increases uniformly with increase in lateral dilation of confined concrete 
due to Poisson’s effect under the applied axial load (Figure 4.1). The confinement 
pressure continues to increase with increase in applied axial load. Assuming the 
behaviour of steel as linear elastic-perfect plastic, the confinement pressure reaches the 
peak when the steel yields. 
 
Figure 4.1 Confinement mechanism of steel helix confined concrete 
The confinement pressure applied by the steel helix at yield ( lf ) on the dilating 
confined concrete can be determined using the strain compatibility between steel helix 
and confined concrete, and equilibrium of forces acting on steel helix confined concrete 
as given in Equation (4.3). 
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where ek  is the confinement effectiveness coefficient, sρ  is the ratio of the volume of 
transverse steel reinforcement to the volume of confined concrete, yf  is the yield 
strength of the transverse reinforcement, 's  is clear spacing between steel helices, s  is 
helical spacing or pitch, spA  is area of steel helical bar, ccρ  is the ratio of area of 
longitudinal steel bars to area of steel helix confined concrete and sd  is diameter of 
steel helical bar. 
 Confinement Mechanism of FRP Confined Concrete 4.2.2
In circular FRP confined concrete columns, the lateral confinement pressure ( lf ) 
provided by FRP confinement is assumed to be uniformly distributed around the 
circumference of the confined concrete column (Figure 4.2). The magnitude of lateral 
confinement pressure ( lf ) can be determined based on strain compatibility between 
FRP confinement and confined concrete, and equilibrium of forces acting on the FRP 
confined concrete. Increase in applied axial load results in increase in axial strain and 
corresponding increase in lateral strain in concrete (expansion of concrete) due to 
Poisson’s effect. The FRP confinement is of passive type and activated due to 
expansion of concrete under increasing applied axial load. The lateral confinement 
pressure ( lf ) exerted by FRP confinement along the circumferential direction increases 
with expansion of concrete until FRP confinement is exhausted. Based on the 
assumption of strain compatibility, the circumferential strain in FRP confinement is 
equal to the lateral strain in confined concrete (De Lorenzis and Tepfers 2003). The 
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confinement pressure exerted by FRP confinement at ultimate ( alf , ) along 
circumferential direction is obtained based on equilibrium of forces acting on FRP 
confined concrete (Lam & Teng 2003) (Equation 4.6): 
 
D
tE
f rupFRPFRPal
ε2
, =  (4.6) 
 where FRPE  is modulus of elasticity of FRP confinement in the circumferential 
direction, FRPt  is the thickness of FRP confinement, rupε  is the circumferential rupture 
strain of FRP confinement and D  is the diameter of FRP confined concrete. 
 
 
(a) (b) 
Figure 4.2 Confinement mechanism of FRP confined concrete 
 Steel Confined Concrete Stress-strain Model 4.3
The well-known stress-strain model of concrete confined by transverse steel 
reinforcement subjected to axial compressive loads was proposed by Mander et al. 
(1988). The proposed model uses energy balance approach to determine the axial 
fc
fl,a
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compressive strain of confined concrete corresponding to the first fracture of the 
transverse steel reinforcement. The energy balance approach assumes that the strain 
energy stored in the confined concrete is equal to the strain energy capacity of 
transverse reinforcement. Mander et al. (1988) proposed Equation (4.7) to determine the 
confined concrete strength ( ccf ' ) and Equation (4.8) to determine the ultimate confined 
concrete strain ( cuε ) of steel helix confined concrete. 
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The stress-strain model of steel helix confined concrete proposed by Mander et al. 
(1988) uses the stress-strain model proposed by Popovics (1973) to define the stress-
strain curve of steel helix confined concrete. Popovics (1973) model describes the axial 
stress-axial strain behaviour of concrete through an energy balance approach as given in 
Equation (4.9). 
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 where cf  is axial stress in unconfined concrete, cε  is axial strain corresponding to cf  , 
'n  is a coefficient which accounts for the brittleness of concrete, cof  is unconfined 
concrete strength and coε  is axial strain corresponding to cof . 
 FRP Confined Concrete Stress-strain Models 4.4
The FRP reinforcement has been successfully used in the retrofitting of existing 
concrete columns. In the last two decades, the Concrete Filled FRP Tube (CFFT) 
column has been investigated as a viable alternative of steel Reinforced Concrete (RC) 
column for new column construction to reduce repair and retrofitting costs. The design 
of FRP confined concrete column requires the accurate modelling and clear 
understanding of the stress-strain behaviour of FRP confined concrete. A number of 
studies have proposed stress-strain models to predict the stress-strain behaviour of 
circular FRP confined concrete under axial loads. In the available literature, the stress-
strain models for circular FRP confined concrete are broadly categorized as designed 
oriented stress-strain models and analysis oriented stress-strain models. 
 Design Oriented FRP Confined Concrete Stress-strain Models 4.4.1
The design oriented FRP confined concrete stress-strain models are regression based 
best fittings to the axial compression test results. In design oriented FRP confined 
concrete stress-strain models both FRP confinement and confined concrete are treated 
as a single composite material. These regression based stress-strain models are 
empirical in nature and the accuracy of these regression based models is mainly 
dependent upon the size and range of the parameters of the experimental data. As design 
oriented stress-strain models are generally closed form equations hence, these models 
are simpler and more convenient to apply in design than the analysis oriented stress-
 
60 
 
strain models. A large majority of the available stress-strain models of circular FRP 
confined concrete are design oriented stress-strain models.  
 Analysis Oriented FRP Confined Concrete Stress-strain Models 4.4.2
The analysis oriented FRP confined concrete stress-strain models are based on strain 
compatibility between FRP confinement and confined concrete, and the equilibrium of 
the forces acting on circular FRP confined concrete to capture the interaction between 
FRP confinement and confined concrete. In analysis oriented stress-strain models, the 
stress-strain curve is generated via an incremental method by considering FRP 
confinement and confined concrete separately using actively confined concrete stress-
strain model as a base curve. The analysis oriented FRP confined concrete stress-strain 
models can also predict the stress-strain behaviour of well confined concrete (ascending 
second stress-strain curve) and weakly confined concrete (descending second stress-
strain curve). Although, analysis oriented stress-strain models are more accurate and 
applicable to wider range of FRP confined concretes than the design oriented stress-
strain models but the number of analysis oriented stress-strain models is almost one-
third of the design oriented stress-strain models of FRP confined concrete. The analysis 
oriented stress-strain models are preferred for use in non-linear finite element analysis 
of FRP confined concrete (Jiang and Teng 2007). 
 Types of Design Oriented FRP Confined Concrete Stress-strain Models 4.5
In the progression of research of circular design oriented FRP confined concrete stress-
strain models, three types of stress-strain curves i.e. parabolic, bilinear, and parabolic 
and linear branches can be identified. The circular design oriented FRP confined 
concrete stress-strain models are split into three (A, B and C) categories based on the 
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type of curve used to model the stress-strain behaviour of FRP confined concrete. Type-
A design oriented FRP confined concrete stress-strain models consist of parabolic curve 
to model the stress-strain behaviour of FRP confined concrete. Type-B design oriented 
FRP confined concrete stress-strain models consist of bilinear branches to model the 
stress-strain behaviour of FRP confined concrete. Type-C design oriented FRP confined 
concrete stress strain models consist of parabolic first branch and linear second branch 
to model the stress-strain behaviour of FRP confined concrete. The details of the types 
of curve and relevant stress-strain models are presented below. 
 Type-A Design Oriented FRP Confined Concrete Stress-strain Models 4.5.1
The earlier design oriented FRP confined concrete stress-strain models consist of 
parabolic curve similar to steel confined concrete or actively confined concrete to model 
the stress-strain behaviour of FRP confined concrete as shown in Figure 4.3. The 
examples of parabolic type of curve to model FRP confined concrete are stress-strain 
models proposed by Fardis and Khalili (1982), Ahmad et al. (1991) and Saadatmanesh 
et al. (1994). The design oriented stress-strain models with parabolic curve do not 
accurately capture the interaction between FRP confinement and confined concrete. 
In the stress-strain model proposed by Fardis and Khalili (1982) the initial slope of the 
stress-strain curve was assumed equal to modulus of elasticity of concrete ( cE ) and the 
complete stress-strain curve was obtained with hyperbola having initial slope cE  and 
passing through the point ( cuccf ε,' ). The stress-strain model is presented in Equation 
(4.11)  
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where cf  is axial stress of FRP confined concrete, cε  is axial strain of FRP confined 
concrete corresponding to cf , cE  is the tangent modulus of elasticity of the unconfined 
concrete, alf ,  is the confinement pressure exerted by FRP confinement at ultimate, cuε  
is ultimate FRP confined concrete strain, FRPE  is the modulus of elasticity of FRP 
composite in the circumferential direction, FRPt  is the thickness of FRP reinforcement 
and D  is the diameter of FRP confined concrete column. 
 
Figure 4.3 Schematic representation of Type-A design oriented FRP confined concrete 
stress-strain models 
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 Type-B Design Oriented FRP Confined Concrete Stress-strain Models 4.5.2
In Type-B design oriented FRP confined concrete stress-strain models the difference 
between the steel helix confined concrete mechanism and FRP confined concrete 
mechanism was recognised. The Type-B design oriented FRP confined concrete stress-
strain models consisted of bilinear stress-strain branches defined by the transition point     
( cocof ε, or 11 , ccf ε ) at the axial stress approximately equal to the unconfined concrete 
strength ( cof ) and the rupture (final) point ( cuccf ε,' ) (Figure 4.4). The examples of 
bilinear stress-strain models of FRP confined concrete are Xiao and Wu (2000), Demers 
and Neale (1994), Howie and Karbhari (1994), Nanni and Bradford (1995) and Karbhari 
and Gao (1997).  
 
Figure 4.4 Schematic representation of Type-B design oriented FRP confined concrete 
stress-strain models 
The bilinear stress-strain model of FRP confined concrete proposed by Karbhari and 
Gao (1997) consists of closed form expressions to calculate axial stress (Equation 4.14) 
and corresponding axial strain (Equation 4.15) at the transition point. 
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where cv  is the Poissons ratio of concrete and effE  is the effective elastic modulus of 
FRP confinement. The Karbhari and Gao (1997) model also proposed expressions to 
calculate FRP confined concrete strength (Equation 4.16) and ultimate confined 
concrete strain (Equation 4.17) at the rupture point. 
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where fuf  is ultimate tensile strength of FRP composite. 
 Type-C Design Oriented FRP Confined Concrete Stress-strain Models 4.5.3
In Type-C design oriented FRP confined concrete stress-strain models, the first 
ascending stress-strain curve was more accurately analytically modelled. The Type-C 
design oriented FRP confined concrete stress-strain models consist of parabolic and 
linear branches. In Type-C, stress-strain behaviour of FRP confined concrete consists of 
the ascending parabolic first branch followed by the linear second branch. The 
ascending parabolic first stress-strain branch captures the behaviour of FRP confined 
concrete more accurately than the straight line first stress-strain branch of Type-B 
design oriented stress-strain models of FRP confined concrete. Type-C design oriented 
FRP confined concrete stress-strain models are further divided into three categories (CI, 
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CII and CIII) based on the three different approaches found in the available literature to 
model ascending parabolic first stress-strain curve.  
In Type-CI design oriented FRP confined concrete stress-strain models, the ascending 
parabolic stress-strain branch was modelled using Hognestad’s parabola followed by a 
linear branch joining the peak point of the parabolic branch ( cocof ε, or 11 , ccf ε )  to the 
rupture point ( cuccf ε,' ) as presented in Figure 4.5. The examples of this type of stress-
strain models are Miyauchi et al. (1997), Jolly and Lillistone (1998b), Miyauchi et al. 
(1999), Lillistone and Jolly (2000), Matthys et al. (2006) and Yousseff et al. (2007).  
 
Figure 4.5 Schematic representation of Type-CI design oriented FRP confined concrete 
stress-strain models 
The stress-strain model proposed by Jolly and Lillistone (1998b) is defined by the 
parabolic first ascending branch followed by the linear second ascending branch. 
Equation (4.18) defines the parabolic portion of the stress-strain curve and Equation 
(4.19) defines the linear portion of the stress-strain branch i.e., triaxial behaviour of FRP 
confined concrete. 
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where mγ  is a coefficient, and pE  is the post crushing tangent modulus of concrete and 
is calculated using Equation (4.20). 
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The FRP confined concrete strength ( ccf ' ) is calculated using Equation (4.21) assuming 
that the failure criterion of FRP confined concrete is based on confinement stiffness 
instead of confinement pressure. 
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In Type-CII design oriented FRP confined concrete stress-strain models, the four 
parameter elastic-plastic Richard & Abbott (1975) curve (Equation (4.22) was used to 
develop design oriented stress-strain models of circular FRP confined concrete.  
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where cE  is the tangent modulus of elasticity of unconfined concrete which is 
equivalent to slope of first ascending axial stress-strain curve, 2E  is the slope of the 
second ascending axial stress-strain curve, of  is the axial stress at the intercept of 
second slope with axial stress axis and n  is a curve shape parameter which mainly 
controls the curvature at the transition point (Figure 4.6). 
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The examples of Type-CII design oriented FRP confined concrete stress-strain models 
are Samaan et al. (1998), Moran and Pantelides (2002), Lam and Teng (2003), Jiang 
(2006), Yan and Pantelides (2007), Teng et al. (2009) and Fahmy and Wu (2010). In 
some of the developed Type-CII design oriented FRP confined concrete stress-strain 
models, the Richard and Abbott (1975) model was not modified. In such cases the four 
parameters were redefined using the regression analysis of experimental results of FRP 
confined concrete cylinders and the example of such Type-CII design oriented FRP 
confined concrete stress-strain is a well-known stress-strain model proposed by Samaan 
et al. (1998).  
 
 
Figure 4.6 Schematic representation of Type-CII design oriented FRP confined concrete 
stress-strain models 
Samaan et al. (1998) redefined and calibrated Richard and Abbott (1975) model using 
experimental results of 30 GFRP-CFFT cylinders given in Equations (4.23 – (4.25): 
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Also, Samaan et al. (1998) proposed expressions to calculate FRP confined concrete 
strength ( ccf ' ) (Equation 4.26) and ultimate FRP confined concrete strain ( cuε ) 
(Equation 4.27).  
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In the other developed type-CII design oriented FRP confined concrete stress-strain 
models, the Richard and Abbott (1975) model was modified in developing the final 
form of the new stress-strain model and also the four parameters of Richard & Abbott 
(1975) model were redefined using the regression analysis of the experimental results of 
FRP confined concrete. The example of such Type-CII design oriented FRP confined 
concrete stress-strain model is a well-known stress-strain model proposed by Lam and 
Teng (2003). 
Lam and Teng (2003) presented the stress-strain behaviour of FRP confined concrete 
with the two curves i.e., parabolic first ascending branch followed by linear-elastic 
second ascending branch in Equations (4.28 – 4.29). The parabolic first ascending 
branch meets the linear-elastic second ascending branch at a transition strain ( tε ). Lam 
and Teng (2003) calibrated the parameters of stress-strain model with experimental 
results of 76 FRP sheet confined concrete cylinders given in Equations (4.30– 4.32): 
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Also, Lam and Teng (2003) proposed expressions to calculate the FRP confined 
concrete strength ( ccf ' ) (Equation 4.33) and ultimate FRP confined concrete strain ( cuε ) 
(Equation 4.34). 
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The Type-CIII design oriented FRP confined concrete stress-strain models were 
developed using the slopes of parabolic first ascending branch ( 1cE ) and linear-elastic 
second ascending branch ( 2cE ). The slope of the linear-elastic second ascending curve    
( 2cE ) is the tangential slope of the stress-strain curve taken at the intersection with the 
first slope (Figure 4.7).  
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Figure 4.7 Schematic representation of Type-CIII design oriented FRP confined 
concrete stress-strain models 
The examples of Type-CIII design oriented FRP confined concrete stress-strain models 
are Ahmad and Shah (1982), Saafi et al. (1999) and Toutanji (1999). The details of the 
design oriented FRP confined concrete stress-strain model proposed by Saafi et al. 
(1999) are discussed below.  
The stress-strain model proposed by Saafi et al. (1999) uses the expression proposed by 
Ahmad and Shah (1982) to obtain a stress-strain curve of steel helix confined concrete 
subjected to uniaxial compression. The stress-strain of steel helix confined concrete 
comprised the first ascending branch followed by the second descending branch. 
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where iA  and iB  are constants and to be solved using the boundary conditions, iε  is 
the strain in ith (1, 2 and 3) principal direction, ipε  is the strain at the peak in the i
th 
direction. The constant iB  accounts for the descending second branch of the steel helix 
confined concrete stress-strain. Assuming the stress-strain of FRP confined concrete 
always consists of ascending second branch, hence for FRP confined concrete the 
constant iB  is zero. Equation (4.35) was modified by replacing y  with cf  , and iX  
with iε  to Equation (4.38) in the stress-strain model proposed by Saafi et al. (1999). 
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where iC  and iD  are constants and to be solved using the two boundary conditions. The 
two boundary conditions used to solve Equation (4.38) were based on the initial point of 
the test where axial stress was zero and the second point where the first and second 
branches were connected. The resulting expressions for the constants ii BA ,  and iC  are 
given in Equations (4.39 - 4.41). 
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In deriving the stress-strain curve, the 1cE  was assumed to be equal to the elastic 
modulus of concrete and the strain at the transition point ( 1cε ) was assumed as 0.002. 
The other parameters of the stress-strain model were calculated given in Equations (4.42 
- (4.47). 
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 Type of Analysis Oriented FRP Confined Concrete Stress-strain Models 4.6
The analysis oriented FRP confined concrete stress-strain models uses iterative 
numerical approach to solve the strain compatibility and force equilibrium between FRP 
confinement and confined concrete. Most of the analysis oriented stress-strain models 
are developed based on the assumption of the stress-path independence. The stress-path 
independence is that at any given lateral strain ( lε ), axial stress-axial strain of FRP 
confined concrete are similar to axial stress-axial strain of actively confined concrete 
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provided the confinement pressure of FRP confined concrete and actively confined 
concrete are equal. The assumption of stress-path independence is correct in case of 
normal strength confined concrete. However, in case of high strength confined concrete, 
the assumption of stress-path independence deviates significantly from the actual 
behaviour. Similarly, in case of normal strength concrete with low nominal confinement 
ratio the assumption of stress path independence deviates significantly from the actual 
behaviour (Ozbakkaloglu et al. 2012).  
The procedure to develop the analysis oriented FRP confined concrete stress-strain 
models using iterative incremental approach based on stress path independence 
assumption is as follows; 
1. The stress-strain curves of actively confined concrete are selected as the base 
curves. 
2. For a given axial strain, the corresponding lateral strain of FRP confined 
concrete is determined using the opted lateral-to-axial strain relationship.  
3. For a given lateral strain of FRP confined concrete, the corresponding 
confinement pressure is calculated using the strain compatibility and force equilibrium 
between FRP confinement and confined concrete. 
4. For a calculated confinement pressure at a given axial strain, the axial stress 
using the actively confined concrete base curve is calculated. This leads to one point of 
axial stress-axial strain curve of FRP confined concrete.  
The Steps 2 to 4 are repeated to obtain a complete axial stress-axial strain curve of FRP 
confined concrete. The stress-strain curve of FRP confined concrete will terminate at 
the rupture point where the lateral strain is equivalent to circumferential rupture strain 
(Figure 4.8). 
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Figure 4.8 Schematic representation of analysis oriented FRP confined concrete stress-
strain model (Ozbakkaloglu et al. 2012). 
The accuracy of the analysis oriented stress-strain models is dependent on lateral-to-
axial strain relationship and actively confined concrete base curve. The examples of 
analysis oriented stress-strain models of FRP confined concrete are the stress-strain 
models proposed by Saadatmanesh & Ehsani (1994), Mirmiran et al. (1996), Spoelstra 
and Monti (1999), Fam and Rizkalla (2001c) and Jiang and Teng (2007). The well-
known analysis oriented stress-strain model of FRP confined concrete proposed by 
Spoelstra and Monti (1999) is discussed here. 
The analysis oriented stress-strain model of FRP confined concrete proposed by 
Spoelstra and Monti (1999) adopted the stress-strain model of actively confined 
concrete proposed by Popovics (1973) as base curves (Equations 4.9 – 4.10). Spoelstra 
and Monti (1999) proposed the expression considering strain compatibility and force 
equilibrium between FRP confinement and confined concrete, and also taking into 
account the elastic behaviour of FRP until failure given in Equation (4.48). 
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where the dependence of the axial stress ( cf ) and lε  on the axial strain ( cε ) and on the 
confinement pressure ( lf ) is rendered explicit. The constant ( β ) is defined as a 
property of unconfined concrete strength ( cof ) (Equation 4.49). 
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In Spoelstra & Monti (1999) model, the ultimate FRP confined concrete strength ( ccf ' ) 
(Equation 4.7) and the ultimate FRP confined concrete strain ( cuε ) (Equation 4.8) are 
calculated using Mander et al. (1988) model. 
 Unified Models for Circular FRP Confined Concrete 4.7
A review of available circular FRP confined concrete stress-strain models disclosed that 
a large number of studies proposed expressions to calculate either FRP confined 
concrete strength ( ccf ' ) or ultimate FRP confined concrete strain ( cuε ) or both FRP 
confined concrete strength ( ccf ' ) and ultimate FRP confined concrete strain ( cuε ). In 
these studies, FRP confined concrete strength ( ccf ' ) was determined as strength 
enhancement ratio ( cocc ff ' ) and ultimate FRP confined concrete strain ( cuε ) was 
determined as strain enhancement ratio ( cocu εε ) based on the general form of the 
expressions proposed by Richart et al. (1928). In these studies the complete stress-strain 
of circular FRP confined concrete was not derived.  It is to be noted that in the available 
literature no research study exclusively proposed a unified stress-strain model to predict 
the ultimate confined concrete conditions of circular CFFT columns under concentric 
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axial load. The unified stress-strain models developed for FRP sheet confined concrete 
columns which can be used to determine the ultimate confined concrete conditions of 
CFFT columns are briefly discussed below with their limitations. 
 Lam and Teng (2002) Model 4.7.1
Lam and Teng (2002) proposed a linear model to determine the strength enhancement 
ratio ( cocc ff ' ) as a function of nominal confinement ratio ( col ff ) for circular FRP 
sheet confined concrete columns with unconfined concrete strength less than 65 MPa. 
The model is recommended to compute the confined concrete strength of circular FRP 
tube confined concrete columns with nominal confinement ratios less than 1.0 
(Equation 4.50). 
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The nominal confinement ratio ( col ff ) is defined as the ratio of confinement pressure      
( lf ) to unconfined concrete strength ( cof ). The nominal confinement ratio ( col ff ) is 
expressed in terms of FRP tube thickness ( ft ), diameter of CFFT ( D ), unconfined 
concrete strength ( cof ), modulus of elasticity of fibres ( fE ) and ultimate tensile strain 
of fibres ( fuε ) (Equation 4.51). 
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 De Lorenzis and Tepfers (2003) Model 4.7.2
De Lorenzis and Tepfers (2003) proposed a non-linear model to determine the strain 
enhancement ratio ( cocu εε ) (Equation 4.52) of circular CFFT columns as functions of 
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actual confinement ratio ( coal ff , ) (Equation 4.53) and confinement modulus ( lK ) 
(Equation 4.54). The actual confinement ratio ( coal ff , ) takes into account the 
experimentally obtained circumferential rupture strain of fibres ( rupε ) whereas the 
nominal confinement ratio ( col ff ) takes into account the ultimate tensile strain of 
fibres ( fuε ). 
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 Ozbakkaloglu and Lim (2013) and Lim and Ozbakkaloglu (2014) Models 4.7.3
Ozbakkaloglu and Lim (2013) and Lim and Ozbakkaloglu (2014) presented strength 
enhancement ratio ( cocc ff ' ) (Equation 4.55) as a function of net confining pressure, 
that is, the reduced actual confinement pressure ( alf , ) after subtraction of the threshold 
confinement pressure ( olf , ) for FRP confined concrete columns. 
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Ozbakkaloglu and Lim (2013) and Lim and Ozbakkaloglu (2014) presented strain 
enhancement ratio ( cocu εε ) as a nonlinear function of ruplK ε, and cof  for FRP 
confined concrete columns (Equations 4.60). 
 
35.1
2 27.0 rup
co
l
co
co
cu
f
K
c εε
ε
ε






+=  (4.60) 
where 
 
1
100
20
2 22 ≥




 −−= cand
f
c co  (4.61) 
These models are applicable to circular FRP confined concrete columns only when 
fibres are oriented along the circumferential direction and height to diameter ratio          
( DH ) equal to or less than 3.0. 
In this research study, coε  was calculated as proposed by Tasdemir et al. (1998) in 
Equation (4.62). 
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The modulus of elasticity of concrete ( cE ) was calculated as a function of cof  in      
ACI 318M-11 (ACI 2011) (Equation (4.63): 
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 FRP Confined Concrete Stress-strain Models in Available FRP Design Codes 4.8
In this study, circular FRP confined concrete stress-strain models proposed in the 
ACI440.2R-08 (ACI 2008) guide for the design and construction of externally bonded 
FRP systems for strengthening concrete structures and the fib Bulletin 14 (2001) 
externally bonded FRP reinforcement for RC structures are presented and discussed. 
The ACI (2008) model is a design oriented FRP confined concrete stress-strain model 
whereas the fib Bulletin 14 (2001) model is an analysis oriented FRP confined concrete 
stress-strain model. The ACI (2008) and the fib Bulletin 14 (2001) stress-strain models 
are briefly discussed in the sections below.    
 ACI 440.2R-08 Model 4.8.1
The ACI 440.2R-08 (ACI 2008) has adopted the well-known Lam and Teng (2003) 
stress-strain to model FRP confined concrete subjected to combined axial load and 
bending forces. Lam and Teng (2003) stress-strain model consists of the parabolic first 
curve (Equation (4.28) and the straight line second curve (Equation 4.29). The first 
curve meets the second curve smoothly at a transition strain ( tε ) (Equation 4.30). 
The ACI (2008) introduced additional reduction factor ( 95.0=fψ ) to calculate ccf '
(Equation (4.64) and replaced the coefficient 1.75 with 1.50 to calculate cuε  (Equation 
4.65) in Lam and Teng (2003) stress-strain model for FRP confined concrete. 
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 The fib Bulletin 14 (2001) Model  4.8.2
The fib Bulletin 14 (2001) for the design and use of externally bonded fibre reinforced 
polymer reinforcement (FRP EBR) for reinforced concrete structures has adopted the 
analysis oriented stress-strain model proposed by Spoelstra and Monti (1999) without 
any modification. 
 Summary 4.9
In this Chapter, the differences in the confinement mechanisms of steel helix confined 
concrete and FRP confined concrete were discussed. The available design oriented and 
analysis oriented stress-strain models for circular FRP confined concrete were reviewed. 
The progression of research of design oriented FRP confined concrete stress-strain 
models in the last two decades or so was discussed. The basis of analysis oriented FRP 
confined concrete stress-strain models was discussed. Also, the available unified stress-
strain models for FRP confined concrete were discussed. The available FRP confined 
concrete stress-strain models in available FRP design codes were discussed. The review 
of literature shows the need of unified stress-strain model specifically developed for 
circular CFFT columns that are validated with a large number of circular CFFT 
columns. Hence, there is a need to compile a database of circular CFFT columns under 
concentric axial load and develop accurate design oriented unified stress-strain model 
solely for circular CFFT columns. This Chapter leads to Chapter 5 which describes the 
proposed unified stress-strain model for circular CFFT columns under concentric axial 
load. 
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5 DESIGN ORIENTED STRENGTH AND STRAIN ENHANCEMENT RATIO 
MODELS OF CIRCULAR CFFT COLUMNS 
 Preamble 5.1
Investigation of the use of Concrete Filled Fibre Reinforced Polymer Tube (CFFT) for 
new columns construction has attracted significant research attention in recent years. 
The CFFT acts as formwork for new columns, barrier to corrosion accelerating agents 
and structural reinforcement. In CFFT columns, FRP tube restrains the lateral dilation 
of confined concrete thereby increases FRP confined concrete strength (strength 
enhancement ratio) and corresponding FRP confined concrete strain (strain 
enhancement ratio). In this Chapter, effect of different parameters such as diameter of 
CFFT column, unconfined concrete strength, height to diameter ratio of CFFT column, 
orientation of fibres in FRP tube and actual confinement ratio of CFFT column were 
investigated to study the confinement effects on strength enhancement ratio and strain 
enhancement ratio of CFFT columns. 
In this chapter, based on predefined selection criteria, experimental investigation results 
of 134 circular CFFT columns under concentric axial compression have been compiled 
and analysed from 599 CFFT specimens available in the literature. Also, design 
oriented models are proposed to compute the strength and strain enhancement ratios of 
circular CFFT columns. The results of the proposed design oriented models are 
compared with the experimental strength and strain enhancement ratios of circular 
CFFT columns in the compiled database. The performance of the existing and the 
proposed strength and strain enhancement ratio models is presented and discussed. 
 General 5.2
In a pioneering research study, Richart et al. (1928) identified the beneficial effects of 
restraining the lateral dilation of concrete on the axial compressive behaviour of 
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confined Reinforced Concrete (RC) columns. Since then a large number of studies have 
been conducted to investigate the effect of confinement reinforcement on the axial 
compressive strength and ductility of RC columns. The strength and ductility of RC 
columns may deteriorate with time due to the development of micro-cracks in concrete 
columns because of the bending and shear stresses, fatigue and shrinkage. An increase 
in the rate of micro-cracking in concrete may expose steel reinforcement to the air and 
humidity, which may increase the rate of corrosion in the steel reinforcement.  
In the last three decades, strengthening and retrofitting of RC columns using steel tubes 
and FRP sheets were commonly practiced. Initially, steel tubes were used for 
strengthening and retrofitting of damaged RC columns (Sakino et al. 2004; Choi and 
Xiao 2010). However, steel as confinement reinforcement has few disadvantages. Steel 
is a corrosive material. It has high density and consequently increases dead load of the 
structure, which may cause additional force demand in an earthquake event. Steel has 
significantly higher axial elastic modulus than concrete, which may result in higher 
axial and lateral strains in steel tubes than in the concrete core. The difference in the 
lateral strains between the concrete core and the steel tube may create a gap and hence 
may reduce the confinement effectiveness (Saafi et al. 1999).  
Due to the above limitations, steel tubes made ways for strengthening columns with 
FRP sheet, as FRP sheets have higher strength to weight ratio, increased corrosion 
resistance and electromagnetic neutrality, and lower axial elastic modulus than steel 
(Lam and Teng 2003). In the last few decades, the behaviour of RC columns 
strengthened with FRP sheets has been extensively investigated. This is especially 
because, in the USA, UK and Canada, the performance of a large number of RC bridge 
piers and building columns have deteriorated due to the corrosion in steel reinforcement 
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(Saafi et al. 1999). Demers and Neale (1994), Nanni and Bradford (1995), Karbhari and 
Gao (1997), Berthet et al. (2005), Wu et al. (2006), Youssef et al. (2007), Wu and Jiang 
(2013) reported an increase in the FRP sheet confined concrete strength and ultimate 
confined concrete strain between 36% and 186%, and 41% and 140%, respectively.  
Lam and Teng (2002), Realfonzo and Napoli (2011), Ozbakkaloglu and Lim (2013), 
Pham and Hadi (2013), Lim and Ozbakkaloglu (2014), Pham and Hadi (2014a, b) and 
Sadeghian and Fam (2015) compiled a database of experimental investigations of FRP 
sheet confined concrete columns to develop models to determine confined concrete 
strength (strength enhancement ratio) and confined concrete strain (strain enhancement 
ratio) of FRP sheet confined concrete columns. The increases in the strength and strain 
enhancement ratio models were found to depend on the material characteristics of FRP 
sheets (thickness, modulus of elasticity and orientation of fibres), unconfined concrete 
strength, diameter and height to diameter ratio of FRP sheet confined concrete columns. 
 Concrete Filled Fibre Reinforced Polymer Tube (CFFT) Studies 5.3
Considering the beneficial effects of FRP material, Concrete Filled FRP Tube (CFFT) 
column was proposed for new column constructions (Mirmiran and Shahawy 1996; 
Saafi et al. 1999; Lillistone and Jolly 2000). In CFFT columns, FRP tube acts as both 
longitudinal and transverse reinforcement to concrete columns. It also serves as 
formwork and prevents ingress of harmful chlorides and salts, and hence slows down 
the deterioration in the strength and ductility of concrete columns (Lillistone and Jolly 
2000).  
The influence of different aspects of circular CFFT columns including tube thickness, 
diameter of the tube, tube height to diameter ratio, unconfined concrete strength, cross 
sectional shape, orientation of fibres, fibre type, tube manufacturing method, specimen 
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end condition and loading (axial, flexural and seismic) conditions on the strength and 
strain enhancement ratios of CFFT columns were investigated by Lillistone and Jolly 
(1997), Mirmiran and Shahawy (1997), Mastrapa (1997), Jolly and Lillistone (1998a, 
b), Mirmiran et al. (1998c), Samaan et al. (1998), Matthys et al. (1999), Saafi et al. 
(1999), Tegola and Manni (1999), Lillistone and Jolly (2000), Fam and Rizkalla (2001a, 
b, c), Fam and Rizkalla (2002), Harries and Carey (2002), Hong and Kim (2004), Cole 
and Fam (2006), Ozbakkaloglu and Saatcioglu (2006), Li and Ou (2007), Mohamed and 
Masmoudi (2008a, b), Ozbakkaloglu and Oehlers (2008b), Park et al. (2011), 
Ozbakkaloglu (2013a, b, c), Ozbakkaloglu and Vincent (2013a, b), Idris and 
Ozbakkaloglu (2013), Vincent and Ozbakkaloglu (2013a, b) and Hadi et al. (2015).  
 Stress-strain Behaviour of FRP Confined Concrete Columns 5.4
The stress-strain behaviour of FRP sheet and FRP tube confined concrete columns 
subjected to concentric axial compression is similar. It consists of two rising curves 
connected at a transition point ( cocof ε, ) close to the unconfined concrete strength 
(Ozbakkaloglu et al. 2012) (Figure 5.1). The slope of the first curve is identical to the 
slope of unconfined concrete stress-strain curve as during this stage the dilation of 
concrete is small and passive FRP confi nement is almost inactive. However, the slope 
of the second curve is primarily dependent on the confinement stiffness of FRP. In 
general, strength enhancement ratio ( cocc ff ' ) is defined as a ratio of FRP confined 
concrete strength ( ccf ' ) to unconfined concrete strength ( cof ) while strain enhancement 
ratio ( cocu εε ) is a ratio of FRP confined concrete strain corresponding to ccf '  ( cuε ) to 
unconfined concrete strain corresponding to cof  ( coε ) as shown in Figure 5.1. 
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Figure 5.1 Axial stress-axial strain behaviour of unconfined and FRP confined concrete 
columns 
 Differences in FRP Sheet and FRP Tube Confinement 5.5
Toutanji (1999) and Saafi et al. (1999) reported that due to higher bond stress between 
FRP sheet and confined concrete column than FRP tube and confined concrete column, 
the confined concrete strength and strain of FRP sheet confined concrete columns were 
higher than those of FRP tube confined concrete columns. This higher confined 
concrete strength and strain could possibly be due to the fact that FRP sheets are 
subjected to only axial compressive stresses, whereas FRP tubes are subjected to both 
axial compressive and tensile circumferential stresses which may result in the reduction 
of bond stress between FRP tube and concrete columns. The difference between FRP 
sheets and FRP tubes confined concrete columns may also be due to the adhesives used 
to bond FRP sheets to concrete columns, whereas no such bond exists between FRP 
tube and concrete columns (Lam and Teng 2002). Moreover, FRP tube confinement has 
higher axial stiffness than FRP sheet confinement resulting in different circumferential 
Axial Strain (Ɛc)
A
xi
al 
St
re
ss
 (f
c)
(Ɛcu)
(fco)
(fc1)
FRP confined concrete
Unconfined 
concrete
(Ɛco)
(f'cc)
(Ɛc1)
 
86 
 
strains and failure patterns of confined concrete columns (Lam and Teng 2003). 
Ozbakkaloglu and Lim (2013) also recognised lower confined concrete strengths of 
FRP tube confined concrete columns than those of FRP sheet confined concrete 
columns.  
 Review of Available Circular CFFT Column Databases 5.6
A literature review of the available studies on FRP confined concrete columns showed 
that only Lam and Teng (2002), De Lorenzis and Tepfers (2003), Ozbakkaloglu and 
Lim (2013) and Lim and Ozbakkaloglu (2014) compiled experimental investigation 
results of 50, 41, 77 and 76 circular CFFT columns, respectively. These database studies 
also included a large number of FRP sheet confined concrete columns. The main focus 
of these studies was to investigate the behaviour of FRP sheet confined concrete 
columns, rather than to investigate the exclusive behaviour of circular CFFT columns. 
Lam and Teng (2002), Ozbakkaloglu and Lim (2013) and Lim and Ozbakkaloglu 
(2014) proposed strength enhancement ratio models to predict the strength enhancement 
ratio of circular CFFT columns. De Lorenzis and Tepfers (2003), Ozbakkaloglu and 
Lim (2013) and Lim and Ozbakkaloglu (2014) proposed strain enhancement ratio 
models to predict the strain enhancement ratio of circular CFFT columns. These 
existing strength and strain enhancement ratios models have been presented and 
discussed in Chapter 4. 
The above literature review indicates the need of FRP confined concrete strength and 
strain models specifically developed for circular CFFT columns that are validated with 
a large number of circular CFFT columns. Hence, in this chapter, the available 
experimental results of CFFT columns (database) are compiled and design oriented 
strength and strain enhancement ratio models are developed.  
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 Experimental Database of Circular CFFT Columns  5.7
 Description of the Compiled Studies 5.7.1
A total of 599 CFFT specimen data points from 30 different experimental studies have 
been collated after a comprehensive literature survey. The key information of the 
compiled studies such as Authors of study, number of datasets, fibre type, diameter ( D ) 
or width ( w ), height ( H ) or length ( L ), unconfined concrete strength ( cof ), modulus 
of elasticity of fibres ( fE ), thickness of fibres ( ft ), orientation of fibres (θ ), actual 
confinement ratio ( coal ff , ), strength enhancement ratio ( cocc ff ' ), strain 
enhancement ratio ( cocu εε ) and circumferential rupture strain ( rupε ) is presented in 
Table 5.1. After systematically assessing the CFFT column data points presented in 
Table 5.1, based on predefined selection criteria in Section 5.7.2, 134 circular CFFT 
column data points (database) have been shortlisted.  
 Selection Criteria of the CFFT Database 5.7.2
The CFFT database presented in this study includes only circular CFFT columns 
subjected to concentric axial compression. Square, rectangular and hollow CFFT 
columns, columns reinforced with either steel or FRP longitudinal bars, and columns 
subjected to eccentric, cyclic, flexural or seismic loading have been excluded from the 
database. In case of non-circular (square and rectangle) cross sections, confinement 
pressure ( lf ) is non-uniform and higher at corners than in other parts of the tube. 
Confinement pressure, however, is uniformly distributed in circular cross sections. 
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Table 5.1 Summary of the studies of Concrete Filled Fibre Reinforced Polymer Tube (CFFT) specimens 
Study No of datasets 
Fibre 
type 
Diameter, 
D or 
width, w
(mm) 
Height, 
H or 
Length, 
L (mm) 
cof (MPa) f
E
(GPa) f
t (mm) θ  
(Degrees) co
al
f
f ,  
co
cc
f
f '
 
cc
cu
ε
ε
 
Lillistone and 
Jolly (1997) 50 GFRP 60-400 
120-
1500 19.68-41.0 - - 43.4-87.6 - 0.66 -7.57 - 
Mastrapa 
(1997) 7 GFRP 153 305 29.8-37.2 55.85 
0.330-
2.311 - 0.09-0.76 0.90-3.01 - 
Jolly and 
Lillistone 
(1998a) 
23 GFRP 150.08-150.53 
750-
1500 22.1-47.0 - - 48.0-83.6 - 0.51-3.05 2.1-17.2 
Jolly and 
Lillistone 
(1998b) 
26 GFRP 60-400 120-800 19.7-46.3 3448 - 43.4-87.6 - 1.01-7.57 4.9-51.5 
Mirmiran et 
al. (1998a) 1 GFRP 178 x 178 1320 18.75 - - 75 - - - 
Mirmiran et 
al. (1998b) 8 GFRP 
152.5x15
2.5 560 30.87 69.64 - 75 - - - 
Mirmiran et 
al. (1998c) 87 GFRP 
152.5/ 
152.5 x 
152.5 
305 29.6-44.8 55.85-69.64 0.30-3.22 75 0.10-1.74 0.56-3.87 4.0-31.5 
Saaman et al. 
(1998) 22 GFRP 152.5 305 29.64-31.97 69.64 1.44-2.97 75 0.52-1.78 1.74-3.87 
14.50-
26.65 
Saafi et al. 
(1999) 6 
GFRP, 
CFRP 152.5 435 38 32-415 0.11-2.4 90 0.13-0.71 1.39-2.55 5.0-15.0 
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Table 5.1 (Contd.) 
Tegola and 
Manni (1999) 10 GFRP 150 300 25.6 
25.25-
25.45 652-670 - 
1.45-
2.06 
2.77-
4.31 - - 
Fam and 
Rizkalla 
(2001b) 
15 GFRP 100-219 
200-
438 / 
1300 - 
2900 
37-58 - - 82-87 - 0.82-2.24 3.5-7.0 - 
Harries and 
Carey (2002) 8 GFRP 152 305 31.2-32.4 10.3 - 90 - 
1.15-
1.67 - - 
Yamakawa et 
al. (2003) 9 AFRP 250x250 750 37, 47.7 - - - - - - - 
Hong and Kim 
(2004) 12 CFRP 300 600 17.5 235 - 30-90 - 
1.76-
5.01 
11.15-
23.45 
0.34-
0.82 
Fam et al. 
(2005) 8 GFRP 
271x164 
/ 
374x266 
680, 
2200 - - - 45,90 - - - - 
Ozbakkaloglu 
and Saatcioglu 
(2006) 
4 CFRP 270 1200-2000 49.7-90.1 227 
0.33, 
0.66 - - - - - 
Li et al. 
(2007) 2 GFRP 150 300 47.5 73 0.3 90 
0.09-
0.15 
1.07-
1.80 
2.25-
5.25 
0.61-
0.97 
Mohamed and 
Masmoudi 
(2008a) 
7 GFRP 152 304-912 30 20.86 - 60 - 
0.67-
2.93 - - 
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Table 5.1 (Contd.) 
Mohamed and 
Masmoudi 
(2008b) 
16 GFRP 152 304-1216 30-45 - - 60 - 1.83-4.27 - 
Ozbakkaloglu 
and Oehlers 
(2008a) 
15 CFRP 200x200 /150x300 600 25.8- 38.7 240 
0.351-
0.585 - - 0.93-3.11 5.5-16.3 
Mohamed and 
Masmoudi 
(2010a) 
23 GFRP 152-213 304-1491 30-45 - - 60-90 - 1.64-4.23 - 
Masmoudi and 
Mohamed 
(2011) 
10 GFRP 152 304-1520 30 - - 60 - 1.04-2.61 - 
Park et al. 
(2011) 11 CFRP 150 300-600 32-54 - - 60 - 1.03-3.67 - 
Idris and 
Ozbakkaloglu 
(2013) 
6 AFRP, CFRP 
150/ 
150x150 1200 62, 95 116, 240 0.117, 0.2 90 0.08-0.29 0.42 - 
Ozbakkaloglu 
(2013a) 43 
CFRP, 
AFRP, 
HM 
CFRP 
74-302 
/113-200 
148-604 
/200-
600 
24.0-110.8 99-640 0.117- 0.234 90 0.07-0.83 0.76-3.11 1.70-16.8 
Ozbakkaloglu 
(2013b) 24 CFRP 
112.5 
x225, 125 
x187.5, 
150x150 
300 77.9 3800 0.702-1.17 90 - 0.74-1.47 - 
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Table 5.1 (Contd.) 
Ozbakkaloglu 
(2013c) 10 CFRP 
150x300 
/200x200 600 25 240 
0.351-
0.585 - - 
0.89 – 
3.11 6.3 – 16.3 
Ozbakkaloglu 
and Vincent 
(2013b) 
83 
CFRP, 
AFRP, 
HM 
CFRP 
75-300 150-600 34.0-110.1 116-640 2650-3800 90 0.04-0.45 0.66-2.47 
1.19-
15.76 
Vincent and 
Ozbakkaloglu 
(2013a) 
35 CFRP 152 305 34.6-102.5 240 0.117-0.702 90 0.03-0.32 0.45-1.54 1.67-6.60 
Vincent and 
Ozbakkaloglu 
(2013b) 
18 AFRP 100-152 200-304 49.4-85.9 99 0.60 45-90 0.07-0.38 1.01-2.24 1.23-14.79 
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Hollow and partially filled CFFT columns have reduced confinement pressures than 
solid and completely filled CFFT columns for same geometric, fibre and FRP 
properties, resulting in significant reduction in the strength and strain enhancement 
ratios of hollow CFFT columns. A void in the hollow or partially filled tubes decreases 
the internal support provided by the concrete core to FRP tube. Hence, the void reduces 
the confinement effectiveness of tubes and affects the final failure mode of CFFT 
columns. Steel or FRP bar reinforced CFFT columns have higher strength and strain 
enhancement ratios than unreinforced CFFT columns. Although the final failure mode 
is similar (circumferential rupture of fibres), the overall behaviour of steel or FRP bar 
reinforced CFFT columns is different from unreinforced CFFT columns. The CFFT 
columns subjected to eccentric loading have also been excluded from the database as 
eccentric loading will result in the reduced strength and strain enhancement ratios. The 
CFFT columns subjected to flexural, cyclic and seismic loading have significantly 
different failure mode than CFFT columns subjected to concentric axial compression. 
The selection criteria adopted in this study are presented below:  
1. Specimens confined with FRP sheets or bonded FRP sheets have been excluded 
from the database. Only circular specimens confined with FRP tubes have been 
included. Hence, the columns in Mirmiran et al. (1998b), Harries and Carey (2002), 
Yamakawa et al. (2003), Fam et al. (2005), Ozbakkaloglu and Oehlers (2008b), 
Ozbakkaloglu and Oehlers (2008c), and Ozbakkaloglu (2013d) have not been 
considered. 
2. The specimens having either transverse or longitudinal reinforcement have been 
excluded from the database. Hence, the CFFT columns in Jolly and Lillistone (1998a), 
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Mohamed and Masmoudi (2008b), Mohamed and Masmoudi (2010a), Masmoudi and 
Mohamed (2011) and Park et al. (2011) have not been included. 
3. Only circular FRP tube confined concrete columns subjected to concentric 
loading are included. Circular CFFT columns subjected to flexural, eccentric or seismic 
loading have been excluded from the database. Hence, the columns in Mirmiran et al. 
(1998a), Fam and Rizkalla (2001b), Fam et al. (2005), Ozbakkaloglu and Saatcioglu 
(2006), Idris and Ozbakkaloglu (2013) and Ozbakkaloglu (2013b) have been omitted.  
4. The specimens in which failure mode is due to rupture of CFFT are included and 
all those specimens in which premature failure due to debonding or large eccentricities 
occurred have been discarded. Hence, columns in Jolly and Lillistone (1998a) and 
Mohamed and Masmoudi (2008a) have been ignored. 
5. The specimens with fibres oriented in direction other than the circumferential 
direction have been excluded from the database. Hence the column specimens in 
Mirmiran et al. (1998b) and Samaan et al. (1998) have not been considered. 
6. The specimens whose geometric parameters, unconfined and confined concrete 
conditions were either not completely mentioned or cannot be calculated have been 
excluded from the database. Hence, columns in Lillistone and Jolly (1997), Mastrapa 
(1997), Jolly and Lillistone (1998b), Tegola and Manni (1999) and Hong and Kim 
(2004) have been disregarded. 
 Description of the CFFT Database 5.7.3
The detailed information of the selected circular CFFT columns including column 
geometrical properties (diameter, D ; and height to diameter ratio, DH ), concrete 
properties (unconfined concrete strength, cof ; and unconfined concrete strain, coε ), 
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fibre properties (modulus of elasticity of fibres, fE ; ultimate tensile strength of fibres, 
fuf ; ultimate tensile strain of fibres, fuε ; and thickness of fibres, ft ), FRP properties 
(circumferential rupture strain, rupε ; actual confinement ratio, coal ff , ; and strain 
reduction factor,  εk ), and strength and ductility (strength enhancement ratio, cocc ff ' ; 
and strain enhancement ratio, cocu εε ) is presented in Table 5.2. The CFFT columns 
database in Table 5.2 includes 64 Carbon FRP (CFRP), 55 Aramid FRP (AFRP), 10 
High Modulus Carbon FRP (HMCFRP) and 5 Glass FRP (GFRP) tube reinforced 
concrete columns.     
 Main Features of Circular CFFT Column Database 5.8
The main features of various influencing parameters such as material properties of FRP 
tube, diameter of CFFT, unconfined concrete strength and height to diameter ratio of 
circular CFFT columns have been discussed herein to propose reliable design oriented 
strength and strain enhancement ratio models for circular CFFT columns. 
 Diameter of Circular CFFT Columns 5.8.1
In Table 5.2, the diameter of circular CFFT columns ( D ) varies between 74 to 302 mm 
with the majority (55%) of circular CFFT columns have diameter of 150-152 mm. The 
strength and strain enhancement ratios of circular CFFT columns are not significantly 
influenced by the variation in the diameter of CFFT columns for the range of column 
diameters studied in this study. It is noted that column diameter is inversely 
proportional to actual confinement ratio (Equation 4.4). Hence, increase in the column 
diameter, keeping tube thickness the same, should decrease actual confinement ratio and 
consequently decrease the strength and strain enhancement ratios.
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  Table 5.2 Details of circular CFFT columns with fibres oriented along the circumferential direction in this study 
Study 
Column geometric 
properties 
Concrete 
Properties 
Fibre Properties FRP properties 
Strength and 
ductility capacity 
D  
(mm) 
DH  co
f  
(MPa) 
coε  (%) 
fE  
(GPa) 
fuf  
(MPa) 
fuε  
(%) 
ft  rupε (%) 
co
al
f
f ,  εk  
co
cc
f
f '
 
co
cc
ε
ε '
 
Saafi et 
al. 
(1999) 
152.5 2.9 38.0 0.20 32 450 1.7 0.80 1.41 0.13 0.85 1.39 9.50 
152.5 2.9 38.0 0.20 34 505 1.7 1.60 1.49 0.28 0.89 1.74 12.40 
152.5 2.9 38.0 0.20 36 560 1.7 2.40 1.56 0.48 0.94 2.18 15.00 
152.5 2.9 38.0 0.20 367 3300 1.7 0.11 0.90 0.13 0.54 1.45 5.00 
152.5 2.9 38.0 0.20 390 3550 1.7 0.23 0.91 0.28 0.55 1.79 8.00 
152.5 2.9 38.0 0.20 415 3700 1.7 0.55 0.89 0.71 0.53 2.55 11.10 
Li et al. 
(2007) 
150 2.0 47.5 0.40 73 1800 2.5 0.30 1.50 0.09 0.61 1.07 2.25 
150 2.0 47.5 0.40 73 1800 2.5 0.30 2.40 0.15 0.97 1.80 5.25 
Ozbakkal
oglu 
(2013a) 
74 2.0 43.0 0.87 240 3800 1.6 0.12 1.20 0.21 0.77 1.61 5.80 
152 2.0 36.4 0.88 240 3800 1.6 0.23 1.30 0.26 0.84 1.67 6.40 
302 2.0 36.3 0.97 240 3800 1.6 0.47 1.17 0.24 0.75 1.57 6.60 
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  Table 5.2 (Contd.) 
Ozbakkal
oglu 
(2013a) 
100 2.0 83.6 1.20 116 2900 2.5 0.20 1.84 0.10 0.74 1.36 5.70 
152 2.0 77.9 1.33 116 2900 2.5 0.30 1.83 0.11 0.73 1.39 6.60 
100 2.0 110.1 1.38 116 2900 2.5 0.40 1.52 0.13 0.61 1.70 7.70 
152 2.0 104.5 1.28 116 2900 2.5 0.60 1.58 0.14 0.63 1.66 7.10 
100 2.0 35.5 0.23 116 2900 2.5 0.20 2.18 0.28 0.87 1.87 8.30 
100 2.0 83.6 0.29 116 2900 2.5 0.40 1.84 0.20 0.74 1.36 5.70 
100 2.0 110.1 0.30 116 2900 2.5 0.60 1.55 0.20 0.62 1.40 6.20 
100 2.0 85.9 0.29 116 2900 2.5 0.60 1.85 0.30 0.74 1.79 7.60 
100 2.0 110.1 0.30 116 2900 2.5 0.80 1.52 0.26 0.61 1.70 7.70 
100 2.0 36.6 0.23 99 2930 3.0 0.60 2.24 0.73 0.77 2.44 13.70 
100 2.0 84.9 0.29 99 2930 3.0 0.60 2.18 0.31 0.75 1.99 9.70 
100 2.0 110.1 0.30 99 2930 3.0 0.60 2.13 0.23 0.73 2.12 10.40 
152 2.0 36.4 0.23 240 3800 1.6 0.23 1.30 0.26 0.84 1.67 6.40 
152 2.0 59.0 0.26 240 3800 1.6 0.47 0.97 0.24 0.62 1.41 4.90 
152 2.0 102.5 0.30 240 3800 1.6 0.70 0.89 0.19 0.57 1.28 4.30 
152 2.0 102.2 0.33 116 2900 2.5 0.80 1.18 0.14 0.47 1.20 4.40 
152 2.0 102.5 0.34 240 3800 1.6 0.59 0.81 0.15 0.52 1.13 3.10 
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  Table 5.2 (Contd.) 
Ozbakkal
oglu 
(2013a) 
152 2.0 59.0 0.26 240 3800 1.6 0.23 1.17 0.15 0.75 1.13 3.90 
152 2.0 59.0 0.26 640 2650 0.4 0.38 0.12 0.07 0.29 1.25 1.70 
100 2.0 85.9 0.29 116 2900 2.5 0.60 1.85 0.30 0.74 1.79 7.60 
100 2.0 84.9 0.29 99 2930 3.0 0.60 2.18 0.31 0.75 1.99 9.70 
152 2.0 49.4 0.25 116 2900 2.5 0.60 2.32 0.43 0.93 2.15 13.70 
152 2.0 49.4 0.25 116 2900 2.5 0.60 2.24 0.42 0.90 2.14 14.10 
 
 
 
Ozbakkal
oglu and 
Vincent 
(2013b) 
75 2.0 43.0 0.22 240 3800 1.6 0.12 1.07 0.19 0.68 1.57 6.14 
75 2.0 43.0 0.22 240 3800 1.6 0.12 1.32 0.23 0.83 1.65 6.55 
75 2.0 43.0 0.22 240 3800 1.6 0.12 0.91 0.16 0.57 1.42 4.18 
75 2.0 47.8 0.23 240 3800 1.6 0.12 0.83 0.13 0.52 1.27 3.65 
100 2.0 37.0 0.21 116 2900 2.5 0.20 2.22 0.28 0.89 1.91 9.81 
100 2.0 35.5 0.20 116 2900 2.5 0.20 2.08 0.27 0.83 1.85 8.75 
100 2.0 34.0 0.20 116 2900 2.5 0.20 2.25 0.31 0.90 1.85 9.40 
100 2.0 37.2 0.21 116 2900 2.5 0.30 2.11 0.39 0.84 2.40 14.76 
100 2.0 37.2 0.21 116 2900 2.5 0.30 2.39 0.45 0.96 2.47 15.76 
100 2.0 35.4 0.20 116 2900 2.5 0.30 2.21 0.43 0.88 2.45 15.20 
150 2.0 37.3 0.21 240 3800 1.6 0.12 1.20 0.12 0.76 1.13 3.76 
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  Table 5.2 (Contd.) 
Ozbakkal
oglu and 
Vincent 
(2013b) 
150 2.0 34.6 0.20 240 3800 1.6 0.12 0.77 0.08 0.49 1.20 3.30 
150 2.0 35.5 0.20 240 3800 1.6 0.23 1.32 0.28 0.83 1.66 7.15 
150 2.0 36.3 0.21 240 3800 1.6 0.23 1.36 0.28 0.86 1.68 7.29 
150 2.0 37.3 0.21 240 3800 1.6 0.23 1.23 0.25 0.78 1.65 6.90 
150 2.0 36.3 0.21 640 2650 0.4 0.19 0.12 0.05 0.29 1.28 1.33 
150 2.0 36.3 0.21 640 2650 0.4 0.19 0.11 0.05 0.27 1.27 1.43 
150 2.0 36.3 0.21 640 2650 0.4 0.19 0.18 0.08 0.43 1.19 1.19 
300 2.0 36.3 0.21 240 3800 1.6 0.23 1.08 0.11 0.68 1.06 3.81 
300 2.0 36.3 0.21 240 3800 1.6 0.47 1.17 0.24 0.74 1.57 7.24 
75 2.0 62.0 0.26 240 3800 1.6 0.12 0.50 0.06 0.32 1.13 2.42 
75 2.0 66.6 0.27 240 3800 1.6 0.12 0.36 0.04 0.23 1.05 2.11 
75 2.0 55.0 0.25 240 3800 1.6 0.12 0.72 0.10 0.45 1.03 3.20 
75 2.0 55.0 0.25 240 3800 1.6 0.23 1.13 0.31 0.71 1.75 5.72 
75 2.0 50.3 0.24 240 3800 1.6 0.23 0.95 0.28 0.60 1.95 7.13 
75 2.0 52.0 0.24 240 3800 1.6 0.23 1.07 0.31 0.68 2.03 10.04 
100 2.0 85.9 0.31 116 2900 2.5 0.40 1.76 0.19 0.70 1.41 5.32 
100 2.0 82.4 0.31 116 2900 2.5 0.40 1.84 0.21 0.74 1.30 5.10 
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  Table 5.2 (Contd.) 
Ozbakkal
oglu and 
Vincent 
(2013b) 
100 2.0 82.4 0.31 116 2900 2.5 0.40 1.92 0.22 0.77 1.36 5.32 
100 2.0 85.9 0.31 116 2900 2.5 0.60 1.62 0.26 0.65 1.73 6.19 
100 2.0 85.9 0.31 116 2900 2.5 0.60 1.76 0.29 0.70 1.80 7.19 
100 2.0 85.9 0.31 116 2900 2.5 0.60 2.17 0.35 0.87 1.86 7.68 
100 2.0 85.9 0.31 116 2900 2.5 0.60 2.36 0.38 0.94 2.05 9.32 
100 2.0 83.0 0.31 116 2900 2.5 0.60 1.74 0.29 0.70 1.87 8.16 
100 2.0 85.9 0.31 116 2900 2.5 0.60 2.42 0.39 0.97 2.06 9.32 
150 2.0 79.6 0.30 116 2900 2.5 0.60 2.12 0.25 0.85 1.32 5.57 
150 2.0 77.2 0.30 116 2900 2.5 0.60 1.59 0.19 0.64 1.32 5.47 
150 2.0 77.0 0.30 116 2900 2.5 0.60 1.79 0.22 0.72 1.53 7.43 
150 2.0 59.0 0.26 240 3800 1.6 0.23 1.14 0.14 0.72 1.16 3.65 
150 2.0 59.0 0.26 240 3800 1.6 0.23 1.19 0.15 0.75 1.11 4.04 
150 2.0 62.0 0.26 240 3800 1.6 0.23 1.03 0.12 0.65 1.08 3.23 
150 2.0 59.0 0.26 240 3800 1.6 0.35 1.07 0.20 0.68 1.34 4.77 
150 2.0 65.0 0.27 240 3800 1.6 0.35 0.77 0.13 0.49 1.20 4.81 
150 2.0 59.0 0.26 240 3800 1.6 0.35 0.92 0.18 0.58 1.38 5.92 
150 2.0 59.0 0.26 640 2650 0.4 0.19 0.26 0.07 0.63 1.19 1.92 
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  Table 5.2 (Contd.) 
Ozbakkal
oglu and 
Vincent 
(2013b) 
150 2.0 55.6 0.25 640 2650 0.4 0.19 0.22 0.06 0.53 1.20 2.00 
150 2.0 59.0 0.26 640 2650 0.4 0.19 0.26 0.07 0.63 1.18 1.81 
150 2.0 59.0 0.26 640 2650 0.4 0.38 0.11 0.06 0.27 1.20 1.81 
150 2.0 59.0 0.26 640 2650 0.4 0.38 0.14 0.08 0.34 1.31 1.73 
150 2.0 59.0 0.26 640 2650 0.4 0.38 0.10 0.05 0.24 1.25 1.54 
75 2.0 75.0 0.29 240 3800 1.6 0.12 0.62 0.06 0.39 1.15 2.28 
75 2.0 77.0 0.30 240 3800 1.6 0.12 0.83 0.08 0.52 1.08 2.60 
75 2.0 83.1 0.31 240 3800 1.6 0.23 0.95 0.17 0.60 1.17 4.23 
75 2.0 83.1 0.31 240 3800 1.6 0.23 0.95 0.17 0.60 1.34 3.74 
75 2.0 93.8 0.33 240 3800 1.6 0.35 0.85 0.20 0.54 1.51 3.91 
75 2.0 99.9 0.34 240 3800 1.6 0.35 0.93 0.21 0.59 1.20 3.71 
75 2.0 77.0 0.30 240 3800 1.6 0.35 0.73 0.21 0.46 1.71 3.80 
75 2.0 82.5 0.31 240 3800 1.6 0.35 0.57 0.16 0.36 1.49 3.13 
100 2.0 110.1 0.35 116 2900 2.5 0.60 1.35 0.17 0.54 1.41 6.03 
100 2.0 110.1 0.35 116 2900 2.5 0.60 1.54 0.19 0.62 1.37 4.89 
100 2.0 110.1 0.35 116 2900 2.5 0.60 1.78 0.23 0.71 1.42 5.34 
100 2.0 110.1 0.35 116 2900 2.5 0.80 1.47 0.25 0.59 1.67 6.31 
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  Table 5.2 (Contd.) 
Ozbakkal
oglu and 
Vincent 
(2013b) 
100 2.0 110.1 0.35 116 2900 2.5 0.80 1.57 0.26 0.63 1.73 7.06 
100 2.0 110.1 0.35 116 2900 2.5 0.90 2.01 0.38 0.80 2.11 9.20 
100 2.0 110.1 0.35 116 2900 2.5 0.90 2.11 0.40 0.84 2.04 8.03 
100 2.0 110.1 0.35 116 2900 2.5 0.90 2.26 0.43 0.90 2.22 9.94 
150 2.0 104.5 0.34 116 2900 2.5 1.20 1.19 0.21 0.48 1.57 5.82 
150 2.0 104.5 0.34 116 2900 2.5 1.20 1.53 0.27 0.61 1.61 6.41 
150 2.0 104.5 0.34 116 2900 2.5 1.20 1.63 0.29 0.65 1.71 6.03 
150 2.0 94.7 0.33 240 3800 1.6 0.35 0.86 0.10 0.54 1.05 2.70 
150 2.0 93.0 0.33 240 3800 1.6 0.47 0.71 0.11 0.45 1.03 2.79 
150 2.0 97.5 0.33 240 3800 1.6 0.47 0.97 0.15 0.61 1.10 3.06 
150 2.0 102.5 0.34 240 3800 1.6 0.70 0.89 0.20 0.56 1.28 3.74 
150 2.0 96.0 0.33 240 3800 1.6 0.70 0.78 0.18 0.49 1.29 3.52 
150 2.0 93.0 0.33 240 3800 1.6 0.70 0.66 0.16 0.42 1.21 3.30 
Vincent 
and 
Ozbakkal
oglu 
(2013a) 
152 2.0 35.5 0.20 240 3800 1.6 0.23 1.49 0.31 0.94 1.43 6.60 
152 2.0 36.3 0.21 240 3800 1.6 0.23 1.55 0.32 0.98 1.53 6.48 
152 2.0 37.3 0.21 240 3800 1.6 0.23 1.23 0.24 0.78 1.45 5.86 
152 2.0 59.0 0.26 240 3800 1.6 0.23 1.25 0.16 0.79 1.05 4.58 
 
102 
 
  Table 5.2 (Contd.) 
Vincent 
and 
Ozbakkal
oglu 
(2013a) 
152 2.0 59.0 0.26 240 3800 1.6 0.35 1.24 0.23 0.78 1.24 4.12 
152 2.0 65.0 0.27 240 3800 1.6 0.35 0.99 0.17 0.63 1.30 2.85 
152 2.0 59.0 0.26 240 3800 1.6 0.35 0.98 0.18 0.62 1.54 3.54 
152 2.0 59.0 0.26 240 3800 1.6 0.47 1.05 0.26 0.66 1.14 3.54 
152 2.0 59.0 0.26 240 3800 1.6 0.47 1.06 0.27 0.67 1.36 3.77 
152 2.0 59.0 0.26 240 3800 1.6 0.47 0.70 0.18 0.44 1.23 2.38 
152 2.0 97.5 0.33 240 3800 1.6 0.47 1.15 0.17 0.73 1.01 2.94 
152 2.0 102.5 0.34 240 3800 1.6 0.59 0.89 0.16 0.56 1.06 2.56 
152 2.0 102.5 0.34 240 3800 1.6 0.59 0.81 0.15 0.51 1.01 2.18 
152 2.0 102.5 0.34 240 3800 1.6 0.70 1.00 0.22 0.63 1.27 2.62 
152 2.0 94.0 0.33 240 3800 1.6 0.70 0.84 0.20 0.53 1.16 2.36 
152 2.0 93.0 0.33 240 3800 1.6 0.70 0.81 0.19 0.51 1.09 2.00 
Vincent 
and 
Ozbakkal
oglu 
(2013b) 
100 2.0 85.9 0.31 99 2930 2.9 0.60 2.36 0.33 0.80 2.05 9.32 
100 2.0 83.0 0.31 99 2930 2.9 0.60 1.74 0.25 0.59 1.87 8.16 
100 2.0 85.9 0.31 99 2930 2.9 0.60 2.42 0.33 0.82 2.06 9.32 
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  Table 5.2 (Contd.) 
Vincent 
and 
Ozbakkal
oglu 
(2013b) 
152 2.0 49.4 0.24 99 2930 2.9 0.60 2.19 0.35 0.74 2.12 13.13 
152 2.0 49.4 0.24 99 2930 2.9 0.60 2.42 0.38 0.82 2.18 14.79 
152 2.0 49.4 0.24 99 2930 2.9 0.60 2.38 0.38 0.80 2.15 14.46 
152 2.0 49.4 0.24 99 2930 2.9 0.60 2.11 0.33 0.71 2.22 12.54 
152 2.0 49.4 0.24 99 2930 2.9 0.60 2.33 0.37 0.79 2.22 13.25 
152 2.0 49.4 0.24 99 2930 2.9 0.60 2.24 0.35 0.76 2.24 12.42 
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 Unconfined Concrete Strength 5.8.2
In most of the studies included in this database, the effect of unconfined concrete 
strength ( cof ) on the strength and strain enhancement ratios of circular CFFT columns 
was investigated. The unconfined concrete strength in this database varies between 34.0 
and 110.1 MPa with 35.1% of circular CFFT columns are within the range of 34.0 to 55 
MPa (Normal Strength Concrete, NSC, cof ≤ 55MPa), while 32.8% are in the range of 
>55 to 85 MPa (High Strength Concrete, HSC, 55 > cof  ≤ 85 MPa) and 32.1% are 
greater than 85 MPa (Ultra High Strength Concrete, UHSC, cof > 85 MPa). Almost all 
of the circular CFFT column research studies reported that for a given nominal or actual 
confinement ratio, increase in unconfined concrete strength resulted in significant 
decrease in the strength and strain enhancement ratios of circular CFFT columns. 
Hence, more confinement reinforcement is required to sufficiently confine the circular 
CFFT columns constructed with HSC and UHSC than columns constructed with NSC 
to develop equivalent confinement pressures (Ozbakkaloglu 2013c; Vincent and 
Ozbakkaloglu 2013a). The unconfined concrete strength also has an inverse relationship 
to actual confinement ratio (Equation 4.53). In general, an increase in unconfined 
concrete strength results in decrease in confinement pressure ( lf ) hence reduction in 
actual confinement ratio ( coal ff , ). The reduction in actual confinement ratio or the 
increase in concrete brittleness results in reduction in the strength and strain 
enhancement ratios of circular CFFT columns. Increased concrete brittleness also 
changes the concrete crack patterns from heterogeneous micro-cracks to localized 
macro-cracks. 
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 Height to Diameter Ratio  5.8.3
In the circular CFFT columns database height to diameter ratio of data points lies within 
a range of 2.0 to 2.85 with 95.5% with height to diameter ratio of 2.0. An increase in 
height to diameter ratio from 2.0 to 2.85 does not have any significant influence on the 
strength and strain enhancement ratios of circular CFFT columns. However, Mohamed 
and Masmoudi (2008b) stated that height to diameter ratio of circular CFFT columns 
greater than 6.0 may significantly reduce the strength enhancement ratio of circular 
CFFT columns due to buckling phenomenon. 
 Orientation of Fibres 5.8.4
The orientation of fibres in FRP tube influences the strength and strain enhancement 
ratios of circular CFFT columns. The larger the proportion of fibres oriented along the 
circumferential direction will create larger confinement pressure ( lf ), which may result 
in an increase in the strength and strain enhancement ratios. All the circular CFFT 
column data points in this database have the fibres oriented along the circumferential 
direction with the final failure due to rupture of fibres in the mid-height of circular 
CFFT columns. Hence, the orientation of fibres has not been considered in the 
developed design oriented models. Also, the effect of orientation of fibres may have 
been taken into account with the circumferential rupture strain of fibres ( rupε ). 
 Actual Confinement Ratio 5.8.5
In the circular CFFT database presented here, the actual confinement ratio ( coal ff , ) 
varies from 0.04 to 0.73 with most of the data points having a value less than 0.5. Figure 
5.2 and Figure 5.3 show that actual confinement ratio has a linear relationship with the 
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Figure 5.2 Influence of actual confinement ratio ( coal ff , ) on strength enhancement 
ratio ( cocc ff ' ) of circular CFFT columns in Table 5.2. 
 
 
Figure 5.3 Influence of actual confinement ratio ( coal ff , ) on strain enhancement ratio  
( cocu εε ) of circular CFFT columns in Table 5.2. 
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strength and strain enhancement ratios of circular CFFT columns. However, scatter of 
data points in case of actual confinement ratio versus strain enhancement ratio is more 
than that observed in case of actual confinement ratio versus strength enhancement 
ratio. 
 Strain Reduction Factor 5.9
In this study, the circumferential rupture strain ( rupε ) of circular CFFT columns is used 
instead of ultimate tensile strain of fibres ( fuε ) to calculate actual confinement ratios 
(Equation 4.53), which are further used to develop design oriented models. The 
circumferential rupture strain is the experimental rupture strain of fibres attained during 
the testing of FRP confined concrete columns, whereas the ultimate tensile strain of 
fibres is a manufacturer provided or flat coupon tested value of strain of the fibres. The 
circumferential rupture strains are usually smaller than the ultimate tensile strains of 
fibres. This reduction in strain is due to manufacturing and construction errors, and 
complex material behaviour of concrete and FRP (Ozbakkaloglu and Lim 2013). The 
ratio of circumferential rupture strain ( rupε ) and the ultimate tensile strain ( fuε ) of 
fibres is defined as strain reduction factor ( εk ) (Equation 5.1): 
 
fu
rupk
ε
ε
ε =  (5.1) 
In this study, the εk  for circular CFFT columns varies from 0.23 to 0.98 (Table 5.2). 
The average strain reduction factors for CFRP, AFRP, HMCFRP and GFRP CFFT 
columns have been found as 0.62, 0.75, 0.39 and 0.85 with standard deviations of 0.15, 
0.12, 0.14 and 0.13, respectively. The average strain reduction factor for CFFT columns 
included in this CFFT database is 0.66 with a standard deviation of 0.17. These εk
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values are similar to the εk  values proposed for FRP confined concrete columns in 
Ozbakkaloglu and Lim (2013). The review of literature (i.e., Ozbakkaloglu and Lim 
2013; Lim and Ozbakkaloglu 2014) showed that the εk  is strongly influenced by 
unconfined concrete strength and modulus of elasticity of fibres. The εk  expression for 
circular CFFT columns based on regression analyses of 134 circular CFFT columns 
with coefficient of determination ( 2R ) of 0.51 has been proposed as: 
 
fco Efk 00085.00027.003.1 −−=ε  (5.2) 
where cof  is the unconfined concrete strength in MPa and fE  is the modulus of 
elasticity of fibres in GPa. Equation (5.2) is capable of predicting the εk of circular 
CFFT columns (fibres oriented in the circumferential direction) with  in the range of 
34 to 110.1 MPa, and in the range of 32 to 640 GPa.  
 Behaviour of Circular CFFT under Concentric Loading 5.10
The circular CFFT column database in Table 5.2 is used to develop design oriented 
models for the strength and strain enhancement ratios of circular CFFT columns. 
Equation (5.3) was proposed by Richart et al. (1928) for a simple linear relationship 
between nominal confinement ratio ( col ff ) and strength enhancement ratio                  
( cocc ff ' ).  
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 where k1 is confinement effectiveness. Saaman et al. (1998), Saafi et al. (1999), Lam 
and Teng (2002) and Ozbakkaloglu and Lim (2013) also used Equation (5.3) with 
different k1 values to develop design oriented models for FRP confined concrete 
cof
fE
 
109 
 
columns. To improve the accuracy of the proposed design oriented model to determine 
the strength enhancement ratio ( cocc ff ' ), the nominal confinement ratio ( col ff ) in 
Equation (5.3) has been replaced with actual confinement ratio ( coal ff , ) in Equation 
(5.4). 
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Ozbakkaloglu et al. (2012) reported that most of the existing ultimate strain 
enhancement relationships proposed nonlinear forms to predict strain enhancement ratio 
as a function of actual confinement ratio ( coal ff , ). 
The actual confinement ratio includes almost all of the important parameters that 
influence the behaviour of circular CFFT columns. As all of circular CFFT columns 
have orientation of fibres along the circumferential direction so orientation of fibre has 
not been considered in the developed design oriented models. The actual confinement 
ratio does not include the height to diameter ratio ( DH ). However, DH  does not 
significantly influence the strength and strain enhancement ratios of circular CFFT 
columns, particularly for the circular CFFT columns included in this database (Table 
5.2). 
 Regression Analyses of Circular CFFT Column Database 5.10.1
Regression Analyses of circular CFFT database is carried out to propose design oriented 
models to determine the strength and strain enhancement ratios. The verification of the 
proposed models is carried out using the four statistical indicators, i.e., Average 
Absolute Error (AAE), Mean Square Error (MSE), Relative Standard Error of Estimate 
(RSEE) and Standard Deviation (SD), as expressed in Equations (5.5 – 5.8).  
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where, Pre. = Model prediction, Exp. = Experimental Test Database and N = Total 
number of test data points. The statistical parameters are expressed in percentage. 
The AAE measures the closeness between the prediction and the experimental values. 
The AAE is a measure of the prediction accuracy of the proposed model. The MSE 
measures the difference between the prediction and the experimental values. The MSE 
is a measure of the quality of the proposed models. The RSEE indicates the extent to 
which the model predictions deviate from the experimental values. The SD expresses 
the difference between the predicted value and the mean value 
 Prediction of the Strength Enhancement Ratio for Circular CFFT Columns 5.10.2
A design oriented model to determine the strength enhancement ratio of circular CFFT 
columns as a function of actual confinement ratio ( coal ff , ) is proposed in Equation 
(5.9). The strength enhancement ratio increases with an increase in actual confinement 
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ratio. The confinement effectiveness ( 1k ) value for strength enhancement ratio has been 
found as 2.52 with coefficient of determination ( 2R ) of 0.72.  
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The CFFT database presented in Table 5.2 along with the selection criteria outlined in 
the respective studies was used to assess the performance of the existing strength 
enhancement ratio models developed in Lam and Teng (2002) (Figure 5.4), 
Ozbakkaloglu and Lim (2013) and Lim and Ozbakkaloglu (2014) (Figure 5.5) and the 
proposed model (Figure 5.6).  
 
Figure 5.4 Performance of Lam and Teng (2002) strength enhancement ratio model 
The comparison between the test results and the predictions shows the improvement of 
the proposed model in calculating the strength enhancement ratio of circular CFFT 
columns. Among the presented strength enhancement ratio models, the proposed model 
has the largest coefficient of determination ( 2R ) of 0.73. In addition, the errors of the 
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existing and proposed strength enhancement ratio models were statistically verified 
(Figure 5.7).  
 
Figure 5.5 Performance of Ozbakkaloglu and Lim (2013) and Lim and Ozbakkaloglu 
(2014) strength enhancement ratio models 
It is evident from Figure 5.7 that, the proposed strength enhancement ratio model shows 
significantly smaller statistical errors than Lam and Teng (2002) and Ozbakkaloglu and 
Lim (2013) and Lim and Ozbakkaloglu (2014) strength enhancement ratio models. It is 
noted that strength enhancement ratio model proposed by Ozbakkaloglu and Lim (2013) 
and Lim and Ozbakkaloglu (2014) performs better than Lam and Teng (2002) strength 
enhancement ratio model as Ozbakkaloglu and Lim (2013) and Lim and Ozbakkaloglu 
(2014) strength enhancement ratio model incorporates actual confinement ratio              
( coal ff , ) as an input parameter. Lam and Teng (2002) strength enhancement ratio 
model considered nominal confinement ratio ( col ff ) as an input parameter. 
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Figure 5.6 Performance of the proposed strength enhancement ratio models 
 
Figure 5.7 Statistical comparison of the selected and proposed strength enhancement 
ratio models 
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 Prediction of the Strain Enhancement Ratio of Circular CFFT Columns 5.10.3
A design oriented model to determine the strain enhancement ratio ( cocu εε ) of circular 
CFFT columns as a function of actual confinement ratio ( coal ff , ) and confinement 
modulus ( lK ) is proposed with coefficient of determination ( 2R ) of 0.80 (Equation 
5.10).  
 
461.0
126.1
,1.6851 −





+= l
co
al
co
cu K
f
f
ε
ε  (5.10) 
 
Figure 5.8 Performance of De Lorenzis and Tepfers (2003) strain enhancement ratio 
model 
The performance of the existing strain enhancement ratio models presented in De 
Lorenzis and Tepfers (2003) (Figure 5.8) and Ozbakkaloglu and Lim (2013) and Lim 
and Ozbakkaloglu (2014) (Figure 5.9) and the proposed strain enhancement ratio model 
(Figure 5.10) were assessed using the CFFT database consisting of 134 data points. 
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Figure 5.9 Performance of Ozbakkaloglu and Lim (2013) and Lim and Ozbakkaloglu 
(2014) strain enhancement ratio model 
 
Figure 5.10 Performance of the proposed strain enhancement ratio model 
The comparison between the test results and the predictions show the improvement of 
the proposed model in calculating the strain enhancement ratio of circular CFFT 
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columns. Among the presented strain enhancement ratio models, the proposed model 
has the largest coefficient of determination ( 2R ) of 0.80. Also, the errors of the existing 
and proposed strain enhancement ratio models were statistically verified (Figure 5.11). 
The proposed strain enhancement ratio model has shown smaller statistical errors than 
De Lorenzis and Tepfers (2003) and Ozbakkaloglu and Lim (2013) and Lim and 
Ozbakkaloglu (2014) strain enhancement ratio models. It is noted that strain 
enhancement ratio model proposed by Ozbakkaloglu and Lim (2013) and Lim and 
Ozbakkaloglu (2014) has exhibited smaller statistical errors than De Lorenzis and 
Tepfers (2003) strain enhancement ratio model as Ozbakkaloglu and Lim (2013) and 
Lim and Ozbakkaloglu (2014) strain enhancement ratio model was validated with larger 
number of FRP confined concrete columns as compared to De Lorenzis and Tepfers 
(2003) strain enhancement ratio model. 
 
Figure 5.11 Statistical comparison of the selected and proposed strain enhancement 
ratio models 
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 Experimental versus Predictions 5.10.4
The results of the proposed design oriented strength and strain enhancement ratio 
models and the experimental results compiled in Table 5.2 are shown in Figure 5.12 and 
Figure 5.13. The predictions of the proposed strength enhancement ratio model and the 
experimental/database strength enhancement ratios match well with 85% of data are 
within ±20% of the predicted strength enhancement ratio values with ±1 standard 
deviation (Figure 5.12). For the prediction of the proposed strain enhancement ratio 
model and the experimental/database strain enhancement ratios, more than 70% of data 
fall within ±20% of the predicted strain enhancement ratio values with ±1 standard 
deviation (Figure 5.13).  
 
Figure 5.12 Experimental/Database versus the proposed model predictions for strength 
enhancement ratio ( cocc ff ' ) 
It is noted that the strength and strain enhancement ratios are significantly influenced by 
unconfined concrete strength and material properties of fibres. The actual confinement 
ratio decreases with increase in the unconfined concrete strength. Hence, to achieve 
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equivalent confinement ratios, HSC and UHSC filled FRP tube columns require either 
larger tube thicknesses or higher modulus of fibres than NSC filled FRP tube columns. 
The properties of FRP tubes may significantly influence the predicted values. 
 
Figure 5.13 Experimental/Database versus the proposed model predictions for strain 
enhancement ratio ( cocu εε ) 
 Summary 5.11
This chapter presents a comprehensive database of experimental test results of circular 
CFFT columns. Based on predefined selection criteria, 134 circular CFFT column test 
results (database) from 599 CFFT specimen test results have been compiled. Also, 
different parameters (diameter of CFFT, height to diameter ratio of columns, 
unconfined concrete strength, and actual confinement ratio) that influence the behaviour 
of circular CFFT columns have been investigated. Design oriented unified stress-strain 
model to predict the strength and strain enhancement ratios of circular CFFT column 
have been proposed. The predictions of the proposed strength and strain enhancement 
ratio models matched well with the compiled experimental strength and strain 
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enhancement ratios of circular CFFT columns with fibres oriented along the 
circumferential direction. In the Chapter 6, Artificial Neural Network (ANN) strength 
and strain enhancement ratio models as a function of actual confinement ratio, 
orientation of fibres, height to diameter ratio and unconfined concrete strain are 
developed. 
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6 PROPOSED STRENGTH AND STRAIN ENHANCEMENT RATIO MODELS 
OF CIRCULAR CFFT COLUMNS USING ARTIFICIAL NEURAL 
NETWORK (ANN) ANALYSIS 
 Introduction 6.1
In the last two decades, the Concrete Filled FRP Tube (CFFT) for new column 
construction was investigated as a viable alternative of steel bar Reinforced Concrete 
(RC) columns. The CFFT exhibits higher strength, ductility and corrosion resistance 
than steel RC columns. A large number of studies proposed the design oriented stress-
strain models and unified stress-strain models to determine the confined concrete 
strength and ultimate confined concrete strain of circular FRP confined concrete 
columns. In Chapter 5, the experimental investigation results of 134 circular CFFT 
columns tested under concentric axial load were compiled and analysed from 
experimental investigation results of 599 CFFT specimens to develop the design 
oriented strength and strain enhancement ratio models of circular CFFT columns with 
fibres oriented along the circumferential direction. In this Chapter, the experimental 
investigation results of 104 circular CFFT columns tested under concentric axial load 
with fibre orientations other than circumferential direction have been compiled from 
experimental investigation results of 599 CFFT specimens. The two databases 
comprising the experimental investigation results of 238 circular CFFT columns (134 
circular CFFT columns with fibres oriented along the circumferential direction and 104 
circular CFFT columns with fibres orientations other than circumferential direction) 
were analysed. The experimental investigation results of 238 circular CFFT columns 
were used to develop the strength and strain enhancement ratio models for circular 
CFFT columns as a function of actual confinement ratio, orientation of fibres, height to 
diameter ratio and unconfined concrete strain using the Artificial Neural Network 
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(ANN) toolbox in the Matlab (2013). The developed ANN strength and strain 
enhancement ratio models are statistically compared with the available strength and 
strain enhancement ratio models of circular CFFT columns.  
 The Available Stress-strain Models for Circular CFFT Columns 6.2
The long period of exposure of steel reinforcement in RC columns to corrosive 
environments substantially reduces both the strength and ductility which may require 
strengthening the RC columns over their design life. The CFFT for new column 
construction has attracted a significant research attention to attain higher confined 
concrete strength and ductility, and also reduced corrosion than steel RC column. The 
CFFT technique is cost effective as FRP tube serves as a formwork and protective 
barrier against the corrosion accelerating agents hence, reduces the repair and 
maintenance costs over the design life of the column.  
Over the period of time, a large number of stress strain models of FRP confined 
concrete were developed which can be categorized as either design oriented or analysis 
oriented as discussed in the Chapter 4. Most of the developed stress strain models of 
circular FRP confined concrete were design oriented and have been calibrated with a 
limited number of experimental investigation results of FRP sheet confined concrete 
columns (Ozbakkaloglu et al. 2012). Although, the stress strain behaviour of FRP sheet 
and FRP tube confined concrete columns is similar. However, the available stress strain 
models of FRP confined concrete columns overestimated the confined concrete strength 
and ultimate confined concrete strain of FRP tube confined concrete columns (Saafi et 
al. 1999; Toutanji 1999).  
In the available research there are two design oriented strength enhancement ratio 
models (Lam and Teng 2002, and Ozbakkaloglu and Lim 2013 and Lim and 
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Ozbakkaloglu 2014) and two design oriented strain enhancement ratio models (De 
Lorenzis and Tepfers 2003, and Ozbakkaloglu and Lim 2013 and Lim and 
Ozbakkaloglu 2014) for circular CFFT columns under concentric axial load. These 
design oriented strength and strain enhancement ratio models were calibrated with a 
small number of experimental investigation results as discussed in the Chapter 5. The 
developed design oriented strength and strain enhancement ratio models of circular 
CFFT columns presented in Chapter 5 exhibited smaller statistical errors than the 
available design oriented strength and strain enhancement ratio models. However, the 
developed design oriented strength and strain enhancement ratio models were calibrated 
with experimental investigation results of 134 circular CFFT columns with fibres 
oriented along the circumferential direction.  
This study uses the application of Artificial Neural Network (ANN) to determine the 
confined concrete strength and ultimate confined concrete strain of circular CFFT 
columns as a function of actual confinement ratio, orientation of fibres, height to 
diameter ratio and unconfined concrete strain subjected to concentric axial load. The 
ANN strength and strain enhancement ratio models are calibrated with experimental 
investigation results of two databases i.e., 134 circular CFFT columns with fibres 
oriented along the circumferential direction (Table 5.2) and 104 circular CFFT columns 
with fibres oriented along directions other than circumferential direction (Table 6.1).  
The selection criteria of the CFFT database presented in Table 6.1 is similar to the 
selection criteria of the CFFT database (134 circular CFFT columns) outlined in the 
Section 5.7.2 except for the different orientations of fibres in circular CFFT columns. 
The details of CFFT database (104 circular CFFT columns) with fibre orientations other 
than circumferential direction are presented in Table 6.1.  
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Table 6.1 Details of circular CFFT columns with fibre orientations other than circumferential direction 
Study 
Column 
geometric 
properties 
Concrete 
Properties 
Fibre Properties FRP properties 
Strength and 
ductility 
capacity 
D  
(mm) D
H  co
f  
(MPa) 
coε  
(%) 
fE  
(GPa) 
fuf  
(MPa) 
fuε  
(%) 
ft  θ  rup
ε  
(%) co
al
f
f ,   εk  
co
cc
f
f '
 
co
cu
ε
ε
 
 
Mirmiran 
et al. 
(1998c) 
152.5 2.0 30.9 0.20 69.6 1800 2.6 1.45 75 1.20 0.51 0.40 1.74 15.50 
152.5 2.0 30.9 0.20 69.6 1800 2.6 1.45 75 1.80 0.77 0.60 1.83 16.50 
152.5 2.0 30.9 0.20 69.6 1800 2.6 2.21 75 1.50 0.98 0.50 2.36 20.50 
152.5 2.0 30.9 0.20 69.6 1800 2.6 2.21 75 1.20 0.78 0.40 2.13 14.50 
152.5 2.0 30.9 0.20 69.6 1800 2.6 2.21 75 1.70 1.11 0.57 2.52 22.00 
152.5 2.0 30.9 0.20 69.6 1800 2.6 2.97 75 1.40 1.23 0.47 2.77 22.00 
152.5 2.0 30.9 0.20 69.6 1800 2.6 2.97 75 1.60 1.40 0.53 2.81 23.50 
152.5 2.0 29.6 0.20 69.6 1800 2.6 1.45 75 1.80 0.81 0.60 2.27 14.50 
152.5 2.0 29.6 0.20 69.6 1800 2.6 1.45 75 1.60 0.72 0.53 1.87 19.00 
152.5 2.0 29.6 0.20 69.6 1800 2.6 1.45 75 1.80 0.81 0.60 2.04 19.00 
152.5 2.0 29.6 0.20 69.6 1800 2.6 2.21 75 1.60 1.09 0.53 2.52 21.50 
152.5 2.0 29.6 0.20 69.6 1800 2.6 2.21 75 1.90 1.30 0.63 3.14 21.50 
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Table 6.1 (Contd.) 
Mirmiran 
et al. 
(1998c) 
152.5 2.0 29.6 0.20 69.6 1800 2.6 2.21 75 1.50 1.02 0.50 2.42 19.50 
152.5 2.0 29.6 0.20 69.6 1800 2.6 2.97 75 1.30 1.19 0.43 2.91 23.00 
152.5 2.0 29.6 0.20 69.6 1800 2.6 2.97 75 1.90 1.74 0.63 3.87 26.50 
152.5 2.0 29.6 0.20 69.6 1800 2.6 2.97 75 1.50 1.37 0.50 2.95 20.50 
152.5 2.0 32.0 0.20 69.6 1800 2.6 1.45 75 1.90 0.79 0.63 1.85 17.00 
152.5 2.0 32.0 0.20 69.6 1800 2.6 1.45 75 1.80 0.74 0.60 1.90 17.00 
152.5 2.0 32.0 0.20 69.6 1800 2.6 2.21 75 1.50 0.95 0.50 2.42 19.00 
152.5 2.0 32.0 0.20 69.6 1800 2.6 2.21 75 1.40 0.88 0.47 2.41 19.00 
152.5 2.0 32.0 0.20 69.6 1800 2.6 2.97 75 1.30 1.10 0.43 2.69 21.00 
152.5 2.0 32.0 0.20 69.6 1800 2.6 2.97 75 1.30 1.10 0.43 2.63 21.50 
152.5 2.0 44.8 0.20 55.9 1800 3.2 1.45 75 1.90 0.45 0.63 1.41 12.50 
152.5 2.0 44.8 0.20 55.9 1800 3.2 1.45 75 1.40 0.33 0.47 1.27 11.00 
152.5 2.0 44.8 0.20 55.9 1800 3.2 2.21 75 1.80 0.65 0.60 1.86 14.50 
152.5 2.0 44.8 0.20 55.9 1800 3.2 2.21 75 1.40 0.51 0.47 1.68 12.00 
152.5 2.0 44.8 0.20 55.9 1800 3.2 2.97 75 1.50 0.73 0.50 2.33 15.00 
152.5 2.0 44.8 0.20 55.9 1800 3.2 2.97 75 1.10 0.53 0.37 1.99 13.50 
152.5 2.0 44.8 0.20 55.9 1800 3.2 1.45 75 0.90 0.21 0.30 1.15 6.50 
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Table 6.1 (Contd.) 
Mirmiran 
et al. 
(1998c) 
152.5 2.0 44.8 0.20 55.9 1800 3.2 1.45 75 0.90 0.21 0.30 1.09 4.00 
152.5 2.0 44.8 0.20 55.9 1800 3.2 2.21 75 1.10 0.40 0.37 1.55 10.50 
152.5 2.0 44.8 0.20 55.9 1800 3.2 2.21 75 1.00 0.36 0.33 1.51 10.00 
152.5 2.0 44.8 0.20 55.9 1800 3.2 2.97 75 1.00 0.49 0.33 1.88 12.50 
152.5 2.0 44.8 0.20 55.9 1800 3.2 2.97 75 1.20 0.58 0.40 1.90 12.50 
152.5 2.0 44.8 0.20 55.9 1800 3.2 1.45 75 1.10 0.26 0.37 1.18 6.50 
152.5 2.0 44.8 0.20 55.9 1800 3.2 2.21 75 1.00 0.36 0.33 1.44 8.00 
152.5 2.0 44.8 0.20 55.9 1800 3.2 2.21 75 0.90 0.33 0.30 1.39 7.00 
152.5 2.0 44.8 0.20 55.9 1800 3.2 2.97 75 1.00 0.49 0.33 1.98 13.00 
152.5 2.0 44.8 0.20 55.9 1800 3.2 2.97 75 1.20 0.58 0.40 1.99 11.50 
152.5 2.0 44.8 0.20 55.9 1800 3.2 1.45 75 0.90 0.21 0.30 1.07 5.50 
152.5 2.0 44.8 0.20 55.9 1800 3.2 1.45 75 1.10 0.26 0.37 1.17 6.50 
152.5 2.0 44.8 0.20 55.9 1800 3.2 2.21 75 1.00 0.36 0.33 1.46 8.00 
152.5 2.0 44.8 0.20 55.9 1800 3.2 2.21 75 0.70 0.25 0.23 1.28 5.50 
152.5 2.0 44.8 0.20 55.9 1800 3.2 2.97 75 0.90 0.44 0.30 1.84 9.50 
152.5 2.0 44.8 0.20 55.9 1800 3.2 2.97 75 0.90 0.44 0.30 1.89 9.50 
152.5 2.0 29.8 0.20 69.6 1800 2.6 0.30 75 2.10 0.19 0.81 1.03 5.00 
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Table 6.1 (Contd.) 
Mirmiran 
et al. 
(1998c) 
152.5 2.0 29.8 0.20 69.6 1800 2.6 0.76 75 2.10 0.49 0.81 2.11 13.50 
152.5 2.0 29.8 0.20 69.6 1800 2.6 0.76 75 1.80 0.42 0.70 2.19 15.00 
152.5 2.0 29.8 0.20 69.6 1800 2.6 0.76 75 0.50 0.12 0.19 2.19 14.00 
152.5 2.0 29.8 0.20 69.6 1800 2.6 1.21 75 2.00 0.74 0.77 3.14 21.50 
152.5 2.0 29.8 0.20 69.6 1800 2.6 1.21 75 2.10 0.78 0.81 3.10 19.50 
152.5 2.0 29.8 0.20 69.6 1800 2.6 1.21 75 1.90 0.70 0.74 3.24 22.00 
152.5 2.0 29.8 0.20 69.6 1800 2.6 1.65 75 1.60 0.81 0.62 3.76 23.50 
152.5 2.0 29.8 0.20 69.6 1800 2.6 1.65 75 1.80 0.91 0.70 3.73 20.00 
152.5 2.0 29.8 0.20 69.6 1800 2.6 1.65 75 1.80 0.91 0.70 3.73 19.50 
152.5 2.0 29.8 0.20 69.6 1800 2.6 0.30 75 1.90 0.17 0.74 1.10 6.50 
152.5 2.0 29.8 0.20 69.6 1800 2.6 0.76 75 2.10 0.49 0.81 2.11 13.50 
152.5 2.0 29.8 0.20 69.6 1800 2.6 0.76 75 0.90 0.21 0.35 1.64 9.00 
152.5 2.0 29.8 0.20 69.6 1800 2.6 0.76 75 1.50 0.35 0.58 1.97 15.00 
152.5 2.0 29.8 0.20 69.6 1800 2.6 1.21 75 1.50 0.56 0.58 2.91 16.50 
152.5 2.0 29.8 0.20 69.6 1800 2.6 1.21 75 1.90 0.70 0.74 2.96 18.00 
152.5 2.0 29.8 0.20 69.6 1800 2.6 1.21 75 1.70 0.63 0.66 3.14 19.00 
152.5 2.0 29.8 0.20 69.6 1800 2.6 1.65 75 1.50 0.76 0.58 3.66 18.50 
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Table 6.1 (Contd.) 
Mirmiran 
et al. 
(1998c) 
152.5 2.0 29.8 0.20 69.6 1800 2.6 1.65 75 2.00 1.01 0.77 3.75 19.00 
152.5 2.0 29.8 0.20 69.6 1800 2.6 1.65 75 1.60 0.81 0.62 3.72 26.00 
152.5 2.0 31.2 0.20 69.6 1800 2.6 1.21 75 2.30 0.81 0.89 2.16 15.00 
152.5 2.0 31.2 0.20 69.6 1800 2.6 1.21 75 2.00 0.71 0.77 2.07 15.50 
152.5 2.0 31.2 0.20 69.6 1800 2.6 1.65 75 1.80 0.87 0.70 2.92 26.50 
152.5 2.0 31.2 0.20 69.6 1800 2.6 1.65 75 1.80 0.87 0.70 3.10 31.50 
152.5 2.0 31.2 0.20 69.6 1800 2.6 1.21 75 2.30 0.81 0.89 2.02 15.50 
152.5 2.0 31.2 0.20 69.6 1800 2.6 1.21 75 2.20 0.78 0.85 2.10 15.50 
152.5 2.0 31.2 0.20 69.6 1800 2.6 1.65 75 2.00 0.97 0.77 2.95 21.50 
152.5 2.0 31.2 0.20 69.6 1800 2.6 1.65 75 1.80 0.87 0.70 2.85 25.00 
 
Saaman 
et al. 
(1998) 
152.5 2.0 30.9 0.20 69.6 2186 3.1 1.44 75 1.23 0.52 0.29 1.74 15.30 
152.5 2.0 30.9 0.20 69.6 2186 3.1 1.44 75 1.77 0.75 0.41 1.83 16.35 
152.5 2.0 29.6 0.20 69.6 2186 3.1 1.44 75 1.77 0.79 0.41 2.26 14.50 
152.5 2.0 29.6 0.20 69.6 2186 3.1 1.44 75 1.56 0.69 0.36 1.87 18.80 
152.5 2.0 29.6 0.20 69.6 2186 3.1 1.44 75 1.82 0.81 0.42 2.03 19.00 
152.5 2.0 32.0 0.20 69.6 2186 3.1 1.44 75 1.92 0.79 0.45 1.85 17.15 
152.5 2.0 32.0 0.20 69.6 2186 3.1 1.44 75 1.82 0.75 0.42 1.90 17.15 
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Table 6.1 (Contd.) 
Samaan 
et al. 
(1998) 
152.5 2.0 30.9 0.20 69.6 2186 3.1 2.20 75 1.49 0.97 0.35 2.36 20.35 
152.5 2.0 30.9 0.20 69.6 2186 3.1 2.20 75 1.15 0.75 0.27 2.13 14.70 
152.5 2.0 30.9 0.20 69.6 2186 3.1 2.20 75 1.68 1.09 0.39 2.53 22.05 
152.5 2.0 29.6 0.20 69.6 2186 3.1 2.20 75 1.59 1.08 0.37 2.52 21.55 
152.5 2.0 29.6 0.20 69.6 2186 3.1 2.20 75 1.88 1.27 0.44 3.14 21.40 
152.5 2.0 29.6 0.20 69.6 2186 3.1 2.20 75 1.49 1.01 0.35 2.42 19.60 
152.5 2.0 32.0 0.20 69.6 2186 3.1 2.20 75 1.46 0.92 0.34 2.42 18.95 
152.5 2.0 32.0 0.20 69.6 2186 3.1 2.20 75 1.35 0.85 0.31 2.41 18.85 
152.5 2.0 30.9 0.20 69.6 2186 3.1 2.97 75 1.37 1.20 0.32 2.78 21.75 
152.5 2.0 30.9 0.20 69.6 2186 3.1 2.97 75 1.55 1.36 0.36 2.81 23.45 
152.5 2.0 29.6 0.20 69.6 2186 3.1 2.97 75 1.26 1.15 0.29 2.91 23.00 
152.5 2.0 29.6 0.20 69.6 2186 3.1 2.97 75 1.94 1.78 0.45 3.87 26.65 
152.5 2.0 29.6 0.20 69.6 2186 3.1 2.97 75 1.45 1.33 0.34 2.95 20.70 
152.5 2.0 32.0 0.20 69.6 2186 3.1 2.97 75 1.30 1.10 0.30 2.69 21.10 
152.5 2.0 32.0 0.20 69.6 2186 3.1 2.97 75 1.29 1.10 0.30 2.63 21.50 
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Table 6.1 (Contd.) 
Vincent 
and 
Ozbakkal
oglu 
(2013b) 
100 2.0 70.0 0.28 99.0 2930 3.0 0.60 45 0.54 0.09 0.18 1.01 2.25 
100 2.0 79.5 0.30 99.0 2930 3.0 0.60 45 0.72 0.11 0.24 1.02 1.23 
100 2.0 85.5 0.31 99.0 2930 3.0 0.60 45 0.53 0.07 0.18 1.02 1.29 
100 2.0 80.5 0.30 99.0 2930 3.0 0.60 60 1.25 0.18 0.42 1.02 4.67 
100 2.0 78.0 0.30 99.0 2930 3.0 0.60 60 1.89 0.29 0.64 1.01 4.93 
100 2.0 74.0 0.29 99.0 2930 3.0 0.60 60 0.73 0.12 0.25 1.01 2.45 
100 2.0 83.0 0.31 99.0 2930 3.0 0.60 75 0.95 0.14 0.32 1.30 4.03 
100 2.0 83.0 0.31 99.0 2930 3.0 0.60 75 1.01 0.14 0.34 1.34 4.58 
100 2.0 85.9 0.31 99.0 2930 3.0 0.60 75 1.38 0.19 0.47 1.37 4.77 
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 Experimental Database of circular CFFT 6.3
The experimental database used for the ANN analysis consists of an experimental 
database comprising circular CFFT columns with fibres oriented along the 
circumferential direction (Table 5.2) and an experimental database comprising circular 
CFFT columns with fibre orientations other than the circumferential direction (Table 
6.1). The experimental database used for the ANN analysis included 238 circular CFFT 
columns tested under concentric axial load and failed due to the rupture of fibres in the 
circumferential direction. The experimental database used for the ANN analysis 
provided information about geometrical properties (Diameter, D ; and height to 
diameter ratio, DH ), concrete material properties (Unconfined concrete strength, cof  
and unconfined concrete strain, coε ), fibre properties (Thickness, ft ; modulus of 
elasticity, fE  and ultimate tensile strength, fuf ), FRP properties (Orientation of fibres, 
θ ; circumferential rupture strain, rupε ; actual confinement ratio, coal ff , and strain 
reduction factor, εk ), and the strength (Strength enhancement ratio, cocc ff ' ) and 
ductility (Strain enhancement ratio, cocu εε ) of circular CFFT columns. 
The geometrical properties, concrete material properties, fibre properties, FRP 
properties and strength and ductility of the experimental database of circular CFFT 
columns are presented in the form of histograms. Each histogram shows the variation of 
the variable along with the minimum and the maximum value of the variable. Figure 6.1 
presents the range of the diameter of the circular CFFT data points. The diameter of the 
circular CFFT columns varies from 74 mm to 302 mm with 71.0% of the data points 
with diameter in the range of 149 – 155 mm.  
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Figure 6.1 Frequency distribution of the diameter of circular CFFT data points 
 
Figure 6.2 Frequency distribution of the height to diameter ratio of circular CFFT data 
points 
Figure 6.2 presents the range of height to diameter ratio of the circular CFFT data 
points. The height to diameter ratio ( DH ) of circular CFFT data points vary from 2.0 
to 2.85 with 97.5% of data points with DH  of 2.0. In the available literature, a large 
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number of experimental investigations was conducted on circular CFFT specimen of 
150 mm diameter and 300 mm height with DH  of 2.0 tested under axial load. 
Figure 6.3 presents the variation in the range of unconfined concrete strength of the 
circular CFFT data points. The unconfined concrete strength of circular CFFT data 
points vary from 29.6 MPa to 110.1 MPa with 60.5% of data points with unconfined 
concrete strength equal to or less than 55 MPa (Normal strength concrete). The 
unconfined concrete strength of 20.6% of circular CFFT data points is within the range 
of 55 MPa to 85 MPa (High strength concrete). The unconfined concrete strength of 
18.9% of circular CFFT data points is greater than 85 MPa (Ultra high strength 
concrete). 
 
Figure 6.3 Frequency distribution of the unconfined concrete strength of circular CFFT 
data points 
Figure 6.4 presents the variation in the range of unconfined concrete strain ( coε ) of 
circular CFFT data points. The coε  of circular CFFT data points vary from 0.2% to 
1.38% with 45.0% of CFFT data points with coε  of 0.2%. The 26.9%, 24.4% and 3.7% 
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of circular CFFT data points are within the ranges of 0.2 – 0.29%, 0.29 – 0.39% and 
0.39 – 1.38%, respectively. 
 
Figure 6.4 Frequency distribution of the unconfined concrete strain of circular CFFT 
data points 
 
Figure 6.5 Frequency distribution of the modulus of elasticity of fibres of circular CFFT 
data points 
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Figure 6.5 presents the wide range of modulus of elasticity of fibres ( fE ) of circular 
CFFT columns as the experimental database consists of AFRP, CFRP, GFRP and 
HMCFRP tubes. The fE  of circular CFFT data points vary from 32 GPa to 640 GPa 
with 51.3% of data points in the range of 32 – 100 GPa. The 17.6%, 25.6% and 5.5% of 
CFFT data points are within the ranges of 100 – 200 GPa, 200 – 300 GPa and 300 – 640 
GPa, respectively. 
 
Figure 6.6 Frequency distribution of the ultimate tensile strength of fibres of circular 
CFFT data points 
Figure 6.6 presents the large range of ultimate tensile strength of fibres ( fuf ) of circular 
CFFT data points. The fuf  of circular CFFT data points vary from 450 MPa to 3800 
MPa which is attributed to different FRP tube fibres i.e. AFRP, CFRP, GFRP and 
HMCFRP. The 32.8% of data points are within the range of 450 - 2000 MPa which are 
mostly GFRP-CFFT data points. The 40.3% of data points are in the range of 2000 - 
3000 MPa which are mostly AFRP-CFFT and CFRP-CFFT data points. The 26.9% of 
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data points are in the range of 3000 – 3800 MPa which are mostly HMCFRP-CFFT data 
points. 
Figure 6.7 presents the range of ultimate tensile strain of fibres ( fuε ) of circular CFFT 
data points. The fuε  of circular CFFT data points vary from 0.4 to 3.22% with 48.7% of 
data points in the range of 2.0 - 3.0%. The 32.4% and 18.9% of circular CFFT data 
points are within the ranges of 0.4 - 2.0% and 3.0 – 3.22%, respectively. 
 
Figure 6.7 Frequency distribution of the ultimate tensile strain of fibres of circular 
CFFT data points 
Figure 6.8 presents the range of thickness of fibres ( ft ) of circular CFFT data points. 
The ft  of circular CFFT data points vary from 0.11 mm to 2.97 mm with 51.3% of data 
points in the range of 0.20 - 1.00 mm which are mostly AFRP-CFFT and CFRP-CFFT 
data points. The 10.1%, 18.9% and 19.7% of circular CFFT data points are within the 
ranges of 0.11 - 0.20 mm, 1.00 - 2.00 mm and 2.00 – 2.97 mm, respectively. 
Figure 6.9 presents the range of orientation of fibres (θ ) of circular CFFT data points. 
The orientation of fibres vary from 45° to 90° (with respect to the longitudinal 
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direction) with 56.30% of the data points in the range of 75° -  90° and 41.18% of the 
data points in the range of 65° -  75°. The 1.26% of circular CFFT data points each are 
within the ranges of 45° – 55° and 55° – 65°. 
 
Figure 6.8 Frequency distribution of the thickness of fibres of circular CFFT data points 
 
Figure 6.9 Frequency distribution of the orientation of fibres of circular CFFT data 
points 
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Figure 6.10 presents the wide range of circumferential rupture strain of fibres ( rupε ) of 
circular CFFT data points which is attributed to the different types of fibres covered in 
the database. The rupε  varies from 0.1 to 2.42 with 6.7% of data points in the range of 
0.1 - 0.6.  The 32.8%, 35.3% and 25.2% of circular CFFT data points are within the 
ranges of 0.6 - 1.2, 1.2 - 1.8 and 1.8 – 2.42, respectively. 
 
Figure 6.10 Frequency distribution of the circumferential rupture strain of fibres of 
circular CFFT data points 
Figure 6.11 presents the actual confinement ratio ( coal ff , ) of circular CFFT data 
points. The coal ff ,  varies from 0.04 to 1.78 with 69.7% of circular CFFT data points 
in the range of 0.04 – 0.5. The 20.6%, 8.8% and 0.8% of circular CFFT data points are 
in the ranges of 0.5 – 1.0, 1.0 – 1.5 and 1.5 – 1.78, respectively. The coal ff ,  takes in to 
account the modulus of elasticity of fibres ( fE ), thickness of fibres ( ft ), 
circumferential rupture strain ( rupε ), diameter of CFFT ( D ) and unconfined concrete 
strength ( cof ).  The coal ff , is considered as the most important parameter. 
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Figure 6.11 Frequency distribution of the actual confinement ratio of circular CFFT data 
points 
 
Figure 6.12 Frequency distribution of the strain reduction factor of circular CFFT data 
points 
Figure 6.12 presents the range of strain reduction factor ( εk ) of circular CFFT data 
points. The variations in εk  is attributed to the variation in ultimate tensile strain of 
fibres ( fuε ) and circumferential rupture strain of fibres ( rupε ) of circular CFFT data 
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points. The εk varies from 0.18 – 0.98 with 16.4%, 19.3%, 26.1% and 38.2% of circular 
CFFT data points in the ranges of 0.18 – 0.35, 0.35 – 0.50, 0.50 – 0.65 and 0.65 – 0.98, 
respectively.  
Figure 6.13 presents the strength enhancement ratio ( cocc ff ' ) of circular CFFT data 
points. The cocc ff '  of circular CFFT data points varies between 1.01 and 3.87. The 
51.7% of circular CFFT data points are in the range of 1.01 – 1.74. The 32.8%, 12.2% 
and 3.3% of circular CFFT data points are in the ranges of 1.74 - 2.50, 2.50 - 3.25 and 
3.25 – 3.87, respectively. 
 
Figure 6.13 Frequency distribution of the strength enhancement ratio of circular CFFT 
data points 
Figure 6.14 presents the strain enhancement ratio ( cocu εε ) of circular CFFT data 
points. The cocu εε  of circular CFFT data points varies between 1.19 and 31.5 with 
59.2% of data points in the range of 1.19 - 10. The 28.2%, 12.2% and 0.4% of the data 
points are in the ranges of 10 – 20, 20 – 30 and 30 – 31.5, respectively.  
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Figure 6.14 Frequency distribution of the strain enhancement ratio of circular CFFT 
data points 
 Artificial Neural Network (ANN) Analysis 6.4
The Artificial Neural Network (ANN) is a powerful regression analysis tool used for 
curve fitting and model prediction, pattern recognition, classification and data 
clustering. The ANN is an assembly of interlinked elements (Matlab 2013). The ANN 
processing ability is dependent on the inter unit connection strength of elements called 
weights. The weights are obtained by a process of learning from training dataset 
patterns.  
 
Figure 6.15 A schematic diagram of a neuron 
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A neuron is a building block of neural network in which weights are adjusted and the 
ANN output is generated in three steps (Figure 6.15). In the first step, scalar input ( I ) is 
multiplied with scalar weight (W ) to form the product ( IW ) known as the weight 
function. In the second step, weighted input bias (b ) is added to ( IW ) to get the net 
input ( n ) called net input function. In the third step, the net input ( n ) is subjected to the 
transfer function to obtain a scalar output ( o ) called output function. 
 General Procedure for ANN Analysis 6.4.1
To start the ANN analysis in Matlab (Matlab 2013), the first step is to import the input 
and target data sets to the Matlab workspace. The second step is to select the number of 
input layer neurons, hidden layer neurons and output layer neurons. The third step is to 
select the neural network architecture. In the ANN tool box, a large number of neural 
network architectures i.e., Cascade-forward back propagation, Feed-forward back 
propagation, Feed-forward time delay are available. The fourth step is to configure the 
neural network. The configuration is a process in which neural network performs 
number of trials to adjust input and output ranges, network processing and weight 
initialization settings to reduce the error between targets (experimental outputs) and the 
ANN outputs. The fifth step is to randomly divide the input and output data sets into 
training data subset, validation data subset and testing data subset. The training data 
subset is used to compute the gradient and to optimise the weights and biases of the 
neural network. The validation data subset is used to determine the weights and biases 
of the neural network to minimize the validation error of the neural network. The testing 
data subset is used to optimise the performance of the neural network. The sixth step is 
to select the training function to train the neural network. In Matlab (Matlab 2013) 
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different training algorithms i.e., Levenberg Marquardt (LM), Bayesian Regularisation 
(BR), Scaled Conjugate Gradient (SCG) are available. The seventh step is to select the 
transfer function to train the neural network. In Matlab (Matlab 2013), three transfer 
functions i.e., Linear (Purelin), Tan-Sigmoid (Tansig) and Log-Sigmoid (Logsig) are 
available. The final step is to obtain weights, biases and outputs from the trained neural 
network. 
 Details of the ANN Analysis 6.4.2
In this study, a neural network is mapped between normalized inputs and normalized 
targets by loading actual confinement ratio ( coal ff , ), orientation of fibres (θ ), height 
to diameter ratio ( DH ) and unconfined concrete strain ( coε ) as input vectors and 
strength enhancement ratio ( cocc ff ' ) and strain enhancement ratio ( cocu εε ) as target 
vectors in the Matlab (Matlab 2013).  
In this study, Feed-forward back propagation neural network architecture with two 
layers was selected as in the Feed-forward back propagation neural network architecture 
information moves only in the forward direction from input layer neurons to hidden 
layer neurons and from hidden layer neurons to output layer neurons (Figure 6.16).  
Hornik et al. (1989) stated that multi-layered neural networks with minimum of two 
layers (one hidden layer and one output layer) were capable of performing accurate 
universal approximations). The inputs and targets data sets were randomly divided into 
three data sets of 70%, 15% and 15% for training, validation and testing, respectively. 
Equation (6.1) proposed by Upadhyaya and Eryurek (1992) was used to calculate the 
minimum number of neurons in the hidden layer as the input layer neurons, the output 
layer neurons and the training data set were known. 
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where w  is the number of total weights, n  is the number of training data points and o  
is the number of outputs. The Levenberg Marquardt (LM) algorithm was used to train 
the two-layered Feed-forward neural network. The LM algorithm is considered the most 
efficient back propagation method available in Matlab (Matlab 2013) for function fitting 
and model prediction problems using Feed-forward neural network (Pham and Hadi 
2014a). 
 
Figure 6.16 A schematic representation of two layered Feed-forward neural network 
architecture 
In this study Purelin and Tansig transfer functions are used to develop and train the 
neural networks. The Purelin transfer function is most commonly used in back-
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propagation training and function approximations in multilayer neural networks. The 
Purelin transfer function takes any number between positive and negative infinity as an 
input and calculates output(s) in the same range. The Tansig transfer function is used to 
compute layer output from layer net input. The Tansig transfer function takes any 
number between positive and negative infinity as an input but gives output in the range 
between -1 and 1. The performance of the trained two-layered Feed-forward network 
was assessed using the Mean Square Error (MSE) and Regression performance 
indicators. The two-layered Feed-forward neural network was trained with increasing 
number of neurons in the hidden layer (started with minimum number of neurons in the 
hidden layer determined using Eq. 6.1) until the obtained MSE of a trained neural 
network was less than 0.05. 
 Mathematical Derivations of the ANN Analysis 6.4.3
The output of two layered Feed-forward neural network using normalized inputs, 
normalized targets, neural network weights and neural network biases is obtained using 
the Equations (6.2) - (6.5). 
 jiji bIIWy 11 * +=  (6.2) 
 )( 12 ynctionTransferFuy =  (6.3) 
 2213 * byLWy j +=  (6.4) 
 )( 3ynctionTransferFuy =  (6.5) 
where I  is the input layer matrix, IW  is the input weight matrix to the hidden layer, 
LW  is the layer weight matrix input to the output layer, 1b  is the bias matrix of hidden 
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layer (layer-1), 2b  is the bias matrix of output layer (layer-2), 1y  is the output of layer-
1, 3y  is the output of layer-2, 2y  is the intermediary matrix and y  is the ANN output.  
The mathematical derivation of two-layered Feed-forward neural network using 
normalized inputs, normalized targets, neural network weights and neural network 
biases is given in Equation (6.6). 
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(6.6) 
where miny  is the normalized minimum target value, maxy is the normalized maximum 
target value, minix  is the normalized minimum input value of the thi  input, maxix  is the 
normalized maximum input value of the thi  input, iw  is the weight of thi input and y  is 
the ANN output. The Equation (6.6) can be written in the simplified form as given in 
the Equation (6.7). 
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2* bbLWa ijij +=  (6.10) 
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 ANN Strength and Strain Enhancement Ratio Models   6.5
In the ANN analysis, the two layered Feed-forward neural networks are trained using 
Purelin transfer function (Equation 6.11) and Tansig transfer function (Equation 6.12) to 
develop strength enhancement ratio models and strain enhancement ratio models. 
 iiPurelin =)(  (6.11) 
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2
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−
−
+
−
==  (6.12) 
Naderpour et al. (2010) and Pham and Hadi (2014a) reported that neural networks 
trained with Tansig transfer function predict the ANN outputs with smaller errors than 
neural networks trained with Purelin transfer function. However, the neural networks 
trained with Purelin transfer function results in simplified ANN models whereas neural 
networks trained with Tansig transfer function results in complicated ANN models. 
In this study, the Purelin strength enhancement ratio model, Tansig strength 
enhancement ratio model, Purelin strain enhancement ratio model and Tansig strain 
enhancement ratio model were developed as a function of actual confinement ratio         
( coal ff , ), orientation of fibres (θ ), height to diameter ratio ( DH ) and unconfined 
concrete strain ( coε ) to determine the strength and strain enhancement ratio of circular 
CFFT columns. 
 Purelin Strength Enhancement Ratio Model 6.5.1
The design and algorithm of the Purelin strength enhancement ratio model are as 
follows: the number of neural network layers is two, network type is Feed-forward back 
propagation, number of input layer neurons is 4, number of hidden layer neurons is 9, 
number of output layer neuron is 1, training algorithm is Levenberg Marquardt, 
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performance function is MSE and the transfer function in both hidden and output layers 
is Purelin. The weight matrix ( ijm ), intercept ( c ) and the developed Purelin strength 
enhancement ratio model are given by Equations (6.13), (6.14) and (6.15), respectively. 
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 Purelin Strain Enhancement Ratio Model 6.5.2
The design and algorithm of the Purelin strain enhancement ratio model are as follows: 
the number of neural network layers is two, network type is Feed-forward back 
propagation, number of input layer neurons is 4, number of hidden layer neurons is 10, 
number of output layer neuron is 1, training algorithm is Levenberg Marquardt, 
performance function is MSE and the transfer function in both hidden and output layers 
is Purelin. The weight matrix ( ijm ), intercept ( c ) and the developed Purelin strain 
enhancement ratio model are given by Equations (6.16), (6.17) and (6.18), respectively. 
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 Tansig Strength Enhancement Ratio Model 6.5.3
The design and algorithm of the Tansig strength enhancement model is similar to the 
design and algorithm of the Purelin strength enhancement ratio model except that the 
number of hidden layer neurons is 10 and transfer functions in both the hidden and 
output layers are Tansig. The developed Tansig strength enhancement ratio model is 
given by Equation (6.19) and the input weights, layer weights and bias to the hidden 
layer is given in Table 6.2. 
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Table 6.2 Input weights, layer weights and bias to the hidden layer for Tansig strength 
enhancement ratio model 
Neuron 
Input Weights, jiIW  Layer 
Weights, 
TLW  
ijb  
coal ff ,  θ  DH  coε  
1 -2.650 -1.468 -0.261 -0.518 -1.237 2.218 
2 -0.581 -1.813 1.111 -1.016 -0.797 2.249 
3 2.694 2.003 -1.349 0.202 1.096 -0.726 
4 1.916 1.402 -1.588 0.676 0.477 -0.493 
5 0.240 -2.102 -0.420 0.590 -0.819 -0.226 
6 1.676 -1.058 -0.432 -0.576 -1.348 0.073 
7 0.694 -2.613 0.485 -1.277 1.524 1.324 
8 -0.819 -0.585 1.453 -1.652 0.540 -1.451 
9 0.803 -0.918 0.881 -1.884 0.457 2.220 
10 -0.926 1.064 0.830 -2.273 0.078 -2.246 
 Tansig Strain Enhancement Ratio Model 6.5.4
The design and algorithm of the Tansig strain enhancement model is similar to the 
design and algorithm of the Tansig strain enhancement ratio model except that number 
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of hidden layer neurons is 7 and transfer functions in both hidden and output layers are 
Tansig. The developed Tansig strain enhancement ratio model is given by Equation 
(6.20) and the input weights, layer weights and bias to the hidden layer is given in Table 
6.3. 
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Table 6.3 Input weights, layer weights and bias to the hidden layer for Tansig strain 
enhancement ratio model 
Neuron 
Input Weights, jiIW  Layer 
Weights, 
TLW  
ijb  
coal ff ,  θ  DH  coε  
1 -2.741 0.680 2.078 0.897 0.573 1.664 
2 0.449 3.153 -0.331 -1.821 1.231 -0.206 
3 -0.675 0.338 -1.881 -0.896 0.445 0.666 
4 0.309 -0.771 0.928 -1.211 2.040 0.143 
5 2.095 -2.491 -3.230 0.130 1.612 1.706 
6 -3.051 -1.506 -0.178 -0.712 -0.749 -1.717 
7 -0.462 2.953 -0.018 0.188 2.663 -3.937 
 Statistical Performance of the Proposed ANN Strength and Strain 6.6
Enhancement Ratios Models 
The verification of the proposed ANN strength enhancement ratio models and ANN 
strain enhancement ratio models (developed using circular CFFT database of 238 data 
points) is carried out using the four statistical parameters i.e., Average Absolute Error 
(AAE), Mean Square Error (MSE), Relative Standard Error of Estimate (RSEE) and 
Standard Deviation (SD), as expressed in Chapter 5 in Equations (5.17 – 5.20). The 
performance of the proposed ANN strength enhancement ratio models and ANN strain 
enhancement ratio models was assessed using the circular CFFT database consisting of 
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134 data points (CFFT columns with fibres oriented along the circumferential direction) 
and circular CFFT database of 238 data points (CFFT columns with fibres oriented 
along any given direction). 
 Statistical Performance of ANN Strength Enhancement Ratio Models  6.6.1
The CFFT database consisting of 134 data points was used to assess the performance of 
the proposed Purelin strength enhancement ratio model (Figure 6.17) and the proposed 
Tansig strength enhancement ratio model (Figure 6.18). In addition, the errors of the 
proposed Purelin strength enhancement ratio model and Tansig strength enhancement 
ratio model and the design oriented strength enhancement ratio model developed in 
Chapter 5 were statistically verified (Figure 6.19).  
 
Figure 6.17 Performance of the proposed Purelin strength enhancement ratio model 
The objective of this verification is to determine the accuracy of the proposed ANN 
(Purelin and Tansig) strength enhancement ratio models in predicting the strength 
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enhancement ratio of circular CFFT columns with fibres oriented along the 
circumferential direction.  
 
Figure 6.18 Performance of the proposed Tansig strength enhancement ratio model 
 
Figure 6.19 Statistical comparison of the proposed ANN strength enhancement ratio 
models and design oriented strength enhancement ratio models 
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The statistical comparison shows that the Tansig strength enhancement ratio model 
predicted the strength enhancement ratio of circular CFFT columns with smaller errors 
than the Purelin strength enhancement ratio model and design oriented strength 
enhancement ratio model. The Purelin strength enhancement ratio model shows larger 
statistical errors than the design oriented strength enhancement ratio model. It can be 
concluded based on the statistical performance that strength enhancement ratio of 
circular CFFT columns with fibres oriented along the circumferential direction can be 
accurately predicted using simple design oriented strength enhancement ratio model 
proposed in Chapter 5.  
 
Figure 6.20 Performance of the proposed Purelin strength enhancement ratio model 
The CFFT database consisting of 238 data points was used to assess the performance of 
the proposed Purelin strength enhancement ratio model (Figure 6.20) and Tansig 
strength enhancement ratio model (Figure 6.21). Also, the errors of the proposed Purelin 
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strength enhancement ratio model and the Tansig strength enhancement ratio model 
were statistically verified (Figure 6.22).  
The objective of this verification is to determine the accuracy of the proposed Purelin 
strength enhancement ratio model and Tansig strength enhancement ratio model in 
predicting the strength enhancement ratio of circular CFFT columns with fibres oriented 
in any given direction. 
 
Figure 6.21 Performance of the proposed Tansig strength enhancement ratio model 
The statistical comparison shows that the Tansig strength enhancement ratio model 
predicted the strength enhancement ratio of circular CFFT columns with smaller errors 
than the Purelin strength enhancement ratio model. It can be concluded based on the 
statistical performance that strength enhancement ratio of circular CFFT columns with 
fibres oriented in any given direction can be more accurately predicted using the Tansig 
strength enhancement ratio model than the Purelin strength enhancement ratio model. 
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Figure 6.22 Statistical comparison of the proposed Purelin strength enhancement ratio 
model and the Tansig strength enhancement ratio model 
 Statistical Performance of ANN Strain Enhancement Ratio Models 6.6.2
The CFFT database consisting of 134 data points was used to assess the performance of 
the Purelin strain enhancement ratio model (Figure 6.23) and the Tansig strain 
enhancement ratio model (Figure 6.24). In addition, the errors of the proposed Purelin 
strain enhancement ratio model and Tansig strain enhancement ratio model and the 
design oriented strain enhancement ratio model developed in Chapter 5 were statically 
verified (Figure 6.25).  
The objective of this verification is to determine the accuracy of the proposed ANN 
(Purelin and Tansig) strain enhancement ratio models in predicting the strain 
enhancement ratio of circular CFFT columns with fibres oriented along the 
circumferential direction.  
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Figure 6.23 Performance of the proposed Purelin strain enhancement ratio model 
 
 
Figure 6.24 Performance of the proposed Tansig strain enhancement ratio model 
 
156 
 
 
Figure 6.25 Statistical comparison of the proposed ANN strain enhancement ratio 
models and the design oriented strain enhancement ratio model 
The statistical comparison showed that the Tansig strain enhancement ratio model 
predicted the strain enhancement ratio of circular CFFT columns with smaller errors 
than the Purelin strain enhancement ratio model. The statistical errors of the Tansig 
strain enhancement ratio model and the design oriented strain enhancement ratio model 
in predicting the strain enhancement ratio of circular CFFT columns were similar. It can 
be concluded based on the statistical performance that strain enhancement ratio of 
circular CFFT columns with fibres oriented along the circumferential direction can be 
accurately predicted using simple design oriented strain enhancement ratio model 
proposed in Chapter 5. 
The CFFT database consisting of 238 data points was used to assess the performance of 
the proposed Purelin strain enhancement ratio model (Figure 6.26) and the proposed 
Tansig strain enhancement ratio model (Figure 6.27). In addition, the errors of the 
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Purelin strain enhancement ratio model and the Tansig strain enhancement ratio model 
were statistically verified (Figure 6.28).  
 
Figure 6.26 Performance of the proposed Purelin strain enhancement ratio model 
 
Figure 6.27 Performance of the proposed Tansig strain enhancement ratio model 
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The statistical comparison showed that the Tansig strain enhancement ratio model 
predicted the strain enhancement ratio of circular CFFT columns with smaller errors 
than the Purelin strain enhancement ratio model. It can be concluded based on the 
statistical performance that the strain enhancement ratio of circular CFFT columns with 
fibres oriented in any given direction can be more accurately predicted using the Tansig 
strain enhancement ratio model than the Purelin strain enhancement ratio model. 
However, the Purelin transfer function provides a simpler equation than the Tansig 
transfer function. 
 
Figure 6.28 Statistical performance of the Purelin strain enhancement ratio model and 
the Tansig strain enhancement ratio model 
It is to be noted that ANN is a computational model with an ability to generate function 
approximations between inputs and targets because of their ability to learn and adapt. 
The ANN is a very powerful tool but has a limitation in extrapolating a function. To use 
the developed Purelin strength enhancement ratio model, Purelin strain enhancement 
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ratio model, Tansig strength enhancement ratio model and Tansig strain enhancement 
ratio model of circular CFFT columns, it is necessary that the inputs and targets of 
future circular CFFT columns should be within the maximum and minimum limits 
given in Table 6.1. 
 Summary 6.7
This Chapter presented the circular CFFT database of 104 data points with fibres 
oriented in directions other than the circumferential direction. Also, the experimental 
database consisting of 238 data points with 134 data points with fibres oriented in the 
circumferential direction presented in Chapter 5 and 104 data points with fibres oriented 
in directions other than the circumferential direction was presented and discussed. The 
ANN (Purelin and Tansig) strength enhancement ratio models and the ANN (Purelin 
and Tansig) strain enhancement ratio models were calibrated and developed using the 
database consisting of 238 data points. The statistical performance of the developed 
ANN strength and strain enhancement ratio models are presented and discussed. 
The following Chapters presents the details of experimental program, experimental and 
analytical results and discussions of CFFT specimens with and without FRP reinforcing 
bars tested under concentric and eccentric axial loads and four-point load. The 
experimental and analytical results of steel RC specimens tested under concentric and 
eccentric axial loads and four-point load for comparison purposes are presented and 
discussed. 
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7 EXPERIMENTAL PROGRAM 
 General 7.1
In this Chapter, the details of the experimental program conducted to investigate the 
behaviour of circular Concrete Filled FRP Tube (CFFT) column specimens with and 
without FRP reinforcing bars under concentric and eccentric axial loads and four-point 
load are presented. In this Chapter, the details of the materials used in the experimental 
work are briefly presented. This is followed by the description of the experimental 
program, the details of design of test specimens, design of formworks, the fabrication of 
test specimens and instrumentation of test specimens. Finally, the description of the 
procedures to test the specimens under concentric and eccentric axial loads and four-
point load are presented. All test specimens were cast and tested at the High Bay 
Laboratories, University of Wollongong, Australia. The details of the experimental 
program are described in the following sections.  
 Materials 7.2
The materials used in this experimental program were concrete, Carbon FRP (CFRP) 
and Glass FRP (GFRP) tubes, CFRP and GFRP bars and steel bars. The details of these 
materials are described below. 
 Concrete 7.2.1
Ready mix concrete obtained from a local supplier was used to construct the test 
specimens in this experimental program. The designed compressive strength of concrete 
was 37 MPa. The maximum size of coarse aggregates of the concrete mix was 10 mm. 
The concrete mix with the slump between 100 - 120 mm was designed to ensure the 
workability of the concrete mix during casting of the test specimens.  
 
161 
 
 Fibre Reinforced Polymer (FRP) Tubes 7.2.2
In the experimental program, CFRP tubes and GFRP tubes of different thicknesses were 
selected (Figure 7.1). In the pilot test program, 0.5 mm and 1.0 mm thick CFRP tubes 
and 1.3 mm and 2.6 mm thick GFRP tubes were selected. In the main experimental 
program, 0.5 mm thick CFRP tubes and 1.5 mm thick GFRP tubes were selected. For 
consistency, all CFRP and GFRP tubes comprised an outer layer of fibres oriented 
along ±60° to the longitudinal direction (skew fibres) and an inner layer of fibers 
oriented along 90° to the longitudinal direction (circumferential fibers). In CFRP tubes, 
34% of the fibers were oriented along 90° to the longitudinal direction and 66% of the 
fibers were oriented along ±60° to the longitudinal direction. In GFRP tubes, 38% of the 
fibers were oriented along 90° to the longitudinal direction and 62% of the fibers were 
oriented along ±60° to the longitudinal direction. The CFRP tubes consisted of 63% 
fibers and 37% resin by volume whereas GFRP tubes consisted of 60% fibers and 40% 
resin by volume (CST Composites 2014). 
 
CFRP tubes 
 
GFRP tubes 
Figure 7.1 FRP tubes used in the experimental program 
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 Fibre Reinforced Polymer (FRP) Bars 7.2.3
Two types of FRP (CFRP and GFRP) bars were used in this experimental investigation. 
The CFRP and GFRP bars were pultruded bars with all the fibers oriented along the 
longitudinal direction. The CFRP bars of 15 mm nominal diameter were obtained from 
CST Composites, Australia and GFRP bars of 15.9 mm nominal diameter were obtained 
from V-Rod, Canada. The CFRP bars consisted of 55 – 60% fibers and 40 – 45% resin 
by volume (CST Composites 2014). The GFRP bars consisted of 73% fibers and 27% 
resin by volume (V-Rod 2012). The CFRP bars were smooth without any coating and 
GFRP bars were sand coated (Figure 7.2). 
 
CFRP bars 
 
GFRP bars 
Figure 7.2 FRP bars used in the experimental program 
 Steel Bars 7.2.4
Two types of steel (N12 and R10) bars were used in this experimental investigation. 
The N12 (12 mm diameter deformed bar with 600 MPa nominal tensile strength) was 
used as longitudinal reinforcement and R10 (10 mm diameter plain bar with 400 MPa 
nominal tensile strength) were used as helical reinforcement. 
 Description of the Experimental Program 7.3
The experimental program was divided into the pilot test program and the main 
experimental program. The details of the experimental program are discussed below. 
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 The Pilot Test Program 7.3.1
The pilot test program consisted of six Concrete Filled Carbon FRP Tube (CFRP-
CFFT) cylinders and six Concrete Filled Glass FRP Tube (GFRP-CFFT) cylinders of 
152.5 mm inner diameter and 305 mm height tested under concentric axial loads (Table 
7.1). The CFFT cylinders were divided into four groups with three specimens in each 
group. The first group, CT0.5 consisted of 0.5 mm thick CFRP-CFFT cylinders. The 
second group, CT1.0 consisted of 1.0 mm thick CFRP-CFFT cylinders. The third group, 
GT1.3 consisted of 1.3 mm thick GFRP-CFFT cylinders. The fourth group, GT2.6 
consisted of 2.6 mm thick GFRP-CFFT cylinders.   
Table 7.1 The Pilot Test Program 
Test 
specimen 
Inner diameter 
(mm) 
Outer diameter 
(mm) 
Height (mm) 
Thickness of 
FRP tube (mm) 
CT0.5-1 
152.5 153.5 305 0.5 CT0.5-2 
CT0.5-3 
CT1.0-1 
152.5 154.5 305 1.0 CT1.0-2 
CT1.0-3 
GT1.3-1 
152.5 155.1 305 1.3 GT1.3-2 
GT1.3-3 
GT2.6-1 
152.5 157.7 305 2.6 GT2.6-2 
GT2.6-3 
The CFFT cylinders in the pilot test program were labelled in two parts. The first part 
represents the type and thickness of FRP tube and the second part represents the number 
included to indicate the cylinder tested in the sequence. For example, GT1.3-1 refers to 
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1.3 mm thick GFRP-CFFT cylinder tested in concentric axial load and is the first 
cylinder in that group. 
 The Main Experimental Program 7.3.2
The main experimental program included four steel Reinforced Concrete (RC) column 
specimens, eight unreinforced Concrete Filled FRP Tube (CFFT) column specimens 
and eight FRP bar reinforced CFFT column specimens. The specimens were divided 
into five groups with four specimens in each group. The first group, REF consisted of 
steel RC specimens. The second group, CT consisted of Concrete Filled Carbon FRP 
Tube (CFRP-CFFT) specimens without FRP bars. The third group, GT consisted of 
Concrete Filled Glass FRP Tube (GFRP-CFFT) specimens without FRP bars. The 
fourth group, CTCR consisted of CFRP bar reinforced CFRP-CFFT specimens. The 
fifth group, GTGR consisted of GFRP bar reinforced GFRP-CFFT specimens. From 
each group, the first specimen was tested under concentric axial load (0). The second 
specimen was tested under 25 mm eccentric axial load (25). The third specimen was 
tested under 50 mm eccentric axial load (50). The fourth specimen was tested under 
four-point load (B). Table 7.2 presents details of the specimens tested in the main 
experimental program. The loading rates and dimensions of the specimens in the main 
experimental program were selected to be suitable to the capacity of the testing facilities 
available in the High Bay laboratories, School of Civil, Mining and Environmental 
Engineering, University of Wollongong, Australia. 
The specimens in the main experimental program were labelled in two parts. The first 
part represents the type of FRP tube and the type of FRP bar. The second part represents 
load conditions (concentric and eccentric axial loads and four-point load). For example, 
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Specimen CTCR-50 represents CFRP bar reinforced CFRP-CFFT specimens tested 
under 50 mm eccentric axial load. 
Table 7.2 The Main Experimental Program 
Test 
specimen 
Inner 
diameter 
(mm) 
Outer 
diameter 
(mm) 
Height 
(mm) 
Internal 
longitudinal 
reinforcement 
Lateral 
confinement 
Test 
eccentri
city 
REF-0 
- 205 800 Steel Steel 
0 
REF-25 25 
REF-50 50 
REF-B B 
CT-0 
203 204 812 - CFRP Tube 
0 
CT-25 25 
CT-50 50 
CT-B B 
GT-0 
203 206 812 - GFRP Tube 
0 
GT-25 25 
GT-50 50 
GT-B B 
CTCR-0 
203 204 812 CFRP CFRP Tube 
0 
CTCR-25 25 
CTCR-50 50 
CTCR-B B 
GTGR-0 
203 206 812 GFRP GFRP Tube 
0 
GTGR-25 25 
GTGR-50 50 
GTGR-B B 
 Design of Test Specimens 7.4
The objective of the pilot test program was to compare the confined concrete strength 
and ultimate confined concrete strain of the CFFT cylinders with the confined concrete 
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strength and ultimate confined concrete strain of experimental investigations of FRP 
sheet confined concrete cylinders collated from the literature with similar nominal 
confinement ratios. In the pilot test program, the CFFT cylinders were designed based 
on the review of available experimental investigation results of FRP sheet confined 
concrete cylinders. The CFRP and GFRP tubes properties (i.e. thickness and ultimate 
tensile strength) were selected similar to CFRP and GFRP sheet properties (i.e. 
thickness and ultimate tensile strength) to attain similar nominal confinement ratios. 
Moreover, CFRP and GFRP tubes were designed to ensure ascending bilinear axial 
stress-strain behavior of CFFT cylinders. 
In the main experimental program, the reinforcement of circular steel RC (REF) 
specimens was designed according to the guidelines in ACI 318M-11 (ACI 2011). For 
REF specimens, the longitudinal reinforcement of six N12 steel bars (reinforcement 
ratio = 2.2%) and helical reinforcement of R10 steel helix with a pitch of 60 mm 
(reinforcement ratio = 3.3%) was selected. In the main experimental program, CFRP 
and GFRP tube properties (thickness, ultimate tensile strength and orientation of fibers) 
were selected to attain axial and flexural loads and ductility of CFFT specimens similar 
to REF specimens. Also, to ensure ascending bilinear axial stress-strain behavior of 
CFFT specimens.  
For CTCR specimens, the longitudinal reinforcement ratio of six 15 mm nominal 
diameter CFRP bars (reinforcement ratio = 3.3%) was selected, whereas for GTGR 
specimens, the longitudinal reinforcement ratio of six 15.9 mm nominal diameter GFRP 
bars (reinforcement ratio = 3.7%) was selected. The difference in longitudinal 
reinforcement ratios of REF, CTCR and GTGR specimens was to incorporate the 
difference in the modulus of elasticity and surface conditions of bars.    
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 Design of Formwork 7.5
Two formworks (REF and CFFT) were constructed to cast the test specimens. The REF 
formwork used to cast the five REF specimens was constructed with two plywood 
sheets of dimensions 1200 x 770 mm. In each plywood sheet, five holes of 215 mm 
outer diameter were made (Figure 7.3). 
 
Figure 7.3 Plan view of CFFT formwork 
 
Figure 7.4 Plan view of small formwork 
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The CFFT formwork was used to construct 12 CFFT cylinders and 16 CFFT specimens. 
The CFFT formwork was constructed with two plywood sheets of dimensions 2400 x 
1200 mm. In each plywood sheet, sixteen holes of 206 mm outer diameter and twelve 
holes of 156 mm outer diameter were made (Figure 7.4). In both REF and CFFT 
formworks, the plywood sheets were vertically and horizontally supported with timber. 
The formworks were constructed to be rigid in order to keep the specimens truly vertical 
and also to avoid the movement of formworks during casting of specimens.  
 Fabrication of Test Specimens 7.6
The circular PVC pipes were used to cast steel RC (REF) specimens and circular FRP 
tubes were used to cast CFFT cylinders and CFFT specimens. For REF specimens, PVC 
pipes of 205 mm inner diameter and 800 mm height were placed in the REF formwork. 
In REF specimens, steel reinforcement cage was placed in PVC pipes on top of plastic 
chairs to provide the required concrete clear cover of 15 mm at the top and bottom ends 
of the specimen. A concrete clear side cover of 20 mm to the specimen was also 
provided (Figure 7.5a). 
Twelve FRP tubes of 152.5 mm inner diameter and 305 mm height were placed in the 
CFFT formwork to cast the CFFT cylinders. Also, sixteen FRP tubes of 203 mm inner 
diameter and 812 mm height were placed in the CFFT formwork. Eight FRP tubes were 
without FRP reinforcing bars (CT and GT specimens) (Figure 7.5b) and eight FRP 
tubes were reinforced with FRP bars (CTCR and GTGR specimens) (Figure 7.5c). In 
CTCR and GTGR specimens, FRP bars were glued on the inner side of the FRP tube 
along the circumference (60° apart) (Figure 7.5c). In CTCR and GTGR specimens, 
concrete clear cover of 15 mm at the top and bottom ends of the specimens were 
provided. 
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Steel RC specimen 
 
Unreinforced CFFT (CT 
and GT) specimen 
 
FRP bar reinforced CFFT 
(CTCR and GTGR) 
specimen 
Figure 7.5 Top view of three types of specimens cast in the main experimental program 
 
Steel RC specimens 
 
CFFT cylinders and CFFT specimens 
Figure 7.6 Wooden formworks 
The test specimens were cast with a batch of ready mix concrete obtained from a local 
supplier. The concrete was poured into the formworks in three stages. In every stage 
concrete was compacted using electrical vibrator to remove air pockets within the 
concrete. After casting, all the specimens were cured by covering them with wet hessian 
rugs and plastic sheets to retain moisture for 28 days. The REF specimens were 
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removed from the PVC pipes after 7 days. After curing, the top and bottom ends of the 
specimens to be tested under eccentric axial loads were vertically wrapped with 0.5 mm 
thick CFRP sheet up to 100 mm. Afterwards, the top and bottom ends of all the 
specimens were wrapped with two layers of 0.5 mm thick and 35 mm wide CFRP sheet 
in the circumferential direction. The FRP wrapping at the specimen ends was done to 
prevent premature failure. 
 Instrumentation of Test Specimens 7.7
The test specimens in the pilot test program and the main experimental program were 
instrumented to measure strains in both the FRP and steel reinforcement. In CFFT 
cylinders (the pilot test program), two strain gauges were attached on FRP tube in the 
axial direction at the mid-height of the CFFT cylinder (180° apart) to measure axial 
strains in FRP tube. Also, two strain gauges were attached on FRP tube in the 
circumferential direction at the mid-height of the CFFT cylinder (180° apart) to measure 
circumferential strains in FRP tube (Figure 7.7).  
 
Figure 7.7 Instrumentation of CFFT cylinders 
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Axial strain gauge 
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In REF specimens (the main experimental program), two strain gauges were attached in 
the axial direction on two steel bars at the mid-height of the specimen (180° apart) to 
measure axial strains in the steel bars and two strain gauges were attached on the steel 
helix at the mid-height of the specimen (180° apart) to measure lateral strains in the 
steel helix (Figure 7.8).  
 
Figure 7.8 Instrumentation of REF specimens 
In CT and GT specimens, two strain gauges were attached on the FRP tube in the axial 
direction at the mid-height of the CFFT specimen (180° apart) to measure axial strains 
in the FRP tube in the axial direction. Also, two strain gauges were attached on the FRP 
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tube in the circumferential direction at mid-height of the CFFT column (180° apart) to 
measure strains in the FRP tube in the circumferential direction (Figure 7.9a, b). 
 
(a) CT specimen 
 
(b) GT specimen 
 
 
 
Figure 7.9 Instrumentation of (a) CT specimens and (b) GT specimens 
In CTCR and GTGR, two strain gauges were attached on the FRP tube in the axial 
direction at the mid-height of the CFFT column (180° apart) to measure axial strains in 
the FRP tube and two strain gauges were attached on the FRP tube in the 
circumferential direction at the mid-height of the CFFT columns (180° apart) to 
measure circumferential strains in the FRP tube. In Specimens CTCR and GTGR, a pair 
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of strain gauges was attached on two FRP bars (180° apart) at the mid-height of the 
specimens to measure the axial strain in FRP bars (Figure 7.10c, d). 
 
(a) CTCR specimen 
 
(b) GTGR specimen 
 
 
Figure 7.10 Instrumentation of (a) CTCR specimens and (b) GTGR specimens 
 Test Procedures 7.8
The test procedure of the CFFT cylinders tested under concentric axial load and test 
procedures of steel RC (REF) specimens and CFFT (CT, GT, CTCR and GTGR) 
specimens tested under concentric and eccentric axial loads and four-point load are 
discussed in the sections below. 
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 Testing of CFFT Cylinders 7.8.1
The circular CFFT cylinders were tested under concentric axial load in the 5000 kN 
Denison Universal Testing Machine (UTM). Prior to testing, two Linear Variable 
Displacement Transducers (LVDTs) were fixed on two opposite corners of the 5000 kN 
UTM (180° apart) to measure the axial deformations in the CFFT cylinders. Also, the 
top end of the CFFT cylinders was capped with high strength plaster to distribute axial 
load uniformly over the cross-section of CFFT cylinder.  
 
Figure 7.11 Testing arrangement for concentrically loaded CFFT cylinder 
The CFFT cylinders were preloaded to 100 kN under a force controlled load application 
at a rate of 50 kN/min to adjust minor misalignments due to uneven surfaces between 
the CFFT cylinder and the UTM loading heads. The load was then released to 20 
kN/min. Afterwards, the test continued under a displacement controlled load application 
at a rate of 0.3 mm/min until the rupture of FRP tube. 
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 Testing of Specimens under Concentric and Eccentric Loads 7.8.2
The circular REF specimens and CFFT specimens were tested under concentric and 
eccentric axial loads in the 5000 kN Denison UTM. Prior to testing, the top end of the 
REF and CFFT specimens to be tested under concentric axial load were capped using 
high strength plaster within a circular loading head of 235 mm inner diameter and 100 
mm height made from high strength steel (Figure 7.12). The loading head was centered 
over the top end of the specimens to remove minor eccentricities.  
 
Figure 7.12 Concentric loading head 
 
(a) 
 
 
 
 
 
 
 
(b) 
Figure 7.13 Eccentric loading heads (a) eccentric adaptor plates and (b) ball joint plates 
Prior to testing, the top and bottom ends of the REF and CFFT specimens to be tested 
under eccentric axial loads were capped using high strength plaster within the circle 
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inscribed in square loading heads (Figure 7.13a). The loading heads consisted of a 235 
mm square cross-section adaptor plate of 50 mm thickness (Figure 7.13a) and ball joint 
plate of 50 mm thickness (Figure 7.13b). The adaptor plate has two sockets along the 
length of the plate for the application of 25 mm and 50 mm eccentric axial loads. The 
loading heads were first centered over the capped top and bottom ends of the specimens 
and then the ball joint plates were firmly placed in the required sockets. 
 
Figure 7.14 Testing arrangement for concentrically loaded specimen 
The REF and CFFT specimens tested under concentric axial load were externally 
instrumented with two LVDTs fixed on two opposite corners of the 5000 kN Denison 
(UTM) to measure axial deformations in the tested specimens (Figure 7.14). For the 
REF and CFFT specimens tested under eccentric axial loads, two vertical LVDTs were 
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fixed along the two opposite corners of the 5000 kN Denison UTM to measure axial 
deformations in the tested specimens. Also, a laser triangulation was placed at the mid-
height of the specimens to measure the lateral deformations (δ ) at the mid-height of the 
specimens (Figure 7.15).  
 
Figure 7.15 Testing arrangement for eccentrically loaded specimen 
The REF and CFFT specimens tested under concentric and eccentric axial loads were 
preloaded to 100 kN under a force controlled load application at a rate of 50 kN/min to 
adjust minor misalignments between the specimens and the UTM loading heads then 
unloaded to 20 kN. Afterwards, the testing was resumed under a displacement 
controlled load application at a rate of 0.3 mm/min until the rupture of FRP tube or the 
resistance of the specimen dropped to 25% of the peak axial load. 
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 Testing of Specimens under Four-point Load 7.8.3
The REF and CFFT specimens were tested under four-point load using two platen rigs 
(top and bottom) made from high strength steel. The top platen rig has a clear span of 
235 mm and the bottom platen rig has a clear span of 705 mm (Figure 7.16). To test the 
specimens under four-point load, the bottom platen rig was placed diagonally across the 
bottom loading head of the UTM. A laser triangulation was attached to the bottom 
platen rig to measure the midspan deflections. The specimens were placed over the 
bottom platen rig with 53.5 mm overhang at the ends. The clear span of the bottom 
platen rig was marked on the test specimen and divided into three equal segments of 
235 mm lengths. The top platen rig was centered over the top of the middle segment of 
the test specimen. Also, two vertical LVDTs were fixed on the two opposite corners of 
the UTM in the test region to measure midspan deflections (Figure 7.17).  
 
Figure 7.16 Test apparatus for four-point load 
The test specimens were preloaded to 100 kN under a force controlled load application 
at a rate of 50 kN/min then unloaded to 20 kN. Afterwards, the test was resumed under 
a displacement controlled load application at a rate of 0.3 mm/min until the resistance of 
 
179 
 
the test specimen dropped to 25% of the peak load or midspan deflection reached to 45 
mm. 
 
Figure 7.17 Testing arrangement for specimen under four-point load 
 Summary 7.9
This chapter describes the details of the experimental program, design of CFFT 
cylinders and specimens and steel RC specimens, and design of formworks. The 
fabrication, instrumentation and test procedures of CFFT cylinders and specimens and 
steel RC specimens were also described. The next chapter presents the experimental 
results of specimens tested under concentric and eccentric axial loads and four-point 
load and discussion of test results. 
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8   EXPERIMENTAL RESULTS AND DISCUSSIONS 
 General 8.1
In this chapter the experimental results of the preliminary material testing, the pilot test 
program and the main experimental program are presented and discussed. The 
preliminary material testing included compressive, tensile and flexural testing of 
concrete, compressive and tensile testing of FRP bars, and tensile testing of steel bars. 
The pilot test program included 12 CFFT cylinders tested under concentric axial load. 
The main experimental program included four steel RC column specimens and 16 
CFFT column specimens with and without FRP bars tested under concentric and 
eccentric axial loads and four-point load. 
The results of the preliminary material testing are discussed to present the behaviour of 
constituent materials. The results of the pilot test program are discussed to differentiate 
between the confined concrete strength and ultimate confined concrete strain of CFFT 
cylinders and FRP sheet confined concrete cylinders with similar nominal confinement 
ratios. The results of the main experimental program are discussed to determine the 
influences of two types of FRP tube confinement and two types of FRP bars on the 
performance of CFFT columns with and without FRP reinforcing bars tested under 
concentric and eccentric axial loads and four-point load.   
 Preliminary Material Testing 8.2
Preliminary material testing was conducted to determine the properties of the 
constituent materials of the CFFT cylinders, CFFT specimens with and without FRP 
reinforcing bars and steel RC specimens. The results of the preliminary material testing 
were used for the analytical modelling of the test specimens which will be discussed in 
detail in Chapter 9. 
 
181 
 
 Concrete Testing 8.2.1
Testing of concrete includes three tests i.e. determination of the cylinder compressive 
strength of concrete, indirect tensile strength of concrete and modulus of rupture of 
concrete. 
The cylinder compressive strength of concrete was determined in accordance with the 
Australian Standard AS 1012.9-1999 (AS 1999). A total of 12 cylinders of 100 mm 
diameter and 200 mm height were cast on the same day as the pilot test program and the 
main experimental program. Next day, the concrete cylinders were taken out of the steel 
cylindrical molds and placed in a curing tank at room temperature.  
Table 8.1 Test results of compressive strength of concrete cylinders 
Age 
Sample 
no. 
Diameter 
(mm) 
Height 
(mm) 
Max. load 
(kN) 
Compressive 
strength 
(MPa) 
Average 
compressive 
strength 
(MPa) 
7 
1 100 200 239 30.5 
30.9 2 100 200 238 30.3 
3 100 200 250 31.9 
14 
1 102 200 284 34.9 
34.8 2 100 200 280 35.5 
3 100 200 268 34.1 
28 
1 102 200 316 38.9 
37.0 2 100 200 294 37.8 
3 101 200 279 34.4 
56 
1 102 200 370 45.57 
44.4 2 102 200 345 42.37 
3 102 200 367 45.13 
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The concrete cylinders were tested at 7, 14, 28 and 56 days after casting concrete. Prior 
to testing, the concrete cylinders were capped with high strength plaster to uniformly 
distribute the load over the cross-section of the cylinder. The concrete cylinders were 
tested in the 1800 kN Avery Compression Testing Machine under a pacing rate of 
17.5% which is equivalent to 20 ± 2 MPa compressive stress per minute until no 
increase in force was sustained (Figure 8.1). Test results of the concrete cylinders are 
presented in Table 8.1. The average cylinder compressive strength of concrete at 7, 14, 
28 and 56 days was 30.9 MPa, 34.8 MPa, 37.0 MPa and 44.4 MPa, respectively. The 
difference in concrete compressive strength among the cylinders tested on the same day 
can be due to the different applied compaction effort among the cylinders. 
 
(a) 
 
(b) 
 
(c) 
Figure 8.1 Testing of cylinder compressive strength of concrete (a) prepared cylinders 
for testing, (b) testing of cylinder and (c) cylinders after testing 
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The indirect tensile strength of concrete was determined in accordance with the 
Australian Standard AS 1012.10-2000 (R14) (AS 2014).  Three concrete cylinders of 
150 mm diameter and 300 mm height were cast on the same day as the pilot test 
program and the main test program. The concrete cylinders were tested at 28 days of 
casting concrete in the 1800 kN Avery Compression Testing Machine using a typical 
testing jig under an increasing load until the splitting of the cylinder (Figure 8.2).  
 
(a) 
 
(b) 
Figure 8.2 Testing of indirect tensile strength of concrete (a) testing of cylinder and (b) 
cylinders after testing 
Table 8.2 Test results of indirect tensile strength of concrete cylinders 
Sample 
no. 
Diameter 
(mm) 
Length 
(mm) 
Maximum 
load (kN) 
Indirect tensile 
strength of 
concrete at 28 
days (MPa) 
Average indirect 
tensile strength of 
concrete at 28 
days (MPa) 
1 151 300 199 2.8 
2.9 2 150 300 214 3.0 
3 150 300 208 2.9 
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The test results of indirect tensile strength of concrete are presented in Table 8.2. The 
average indirect tensile strength of concrete at 28 days was 2.9 MPa. 
The modulus of rupture of concrete was determined in accordance with the Australian 
Standard AS 1012.11-2000 (AS 2000). Three beam specimens of 150 mm square cross-
section and 500 mm length were cast on the same day as the pilot test program and the 
main test program. The beam specimens were tested at 28 days of casting concrete in 
the 3000 kN Avery Testing Machine (Figure 8.3). The tested beam specimens failed 
within the middle segment. The test results of the modulus of rupture of concrete are 
presented in Table 8.3. The average modulus of rupture of concrete at 28 days was 3.2 
MPa. 
 
(a) 
 
(b) 
Figure 8.3 Testing of modulus of rupture of concrete (a) testing of beam specimens and 
(b) beam specimens after testing 
Table 8.3 Test results of modulus of rupture of concrete 
Sample 
no. 
Width 
(mm) 
Depth 
(mm) 
Length 
(mm) 
Maximum 
load (kN) 
Modulus of 
rupture of 
concrete at 
28 days 
(MPa) 
Average 
modulus of 
rupture of 
concrete at 28 
days (MPa) 
1 153 153 450 24 3.0 
3.2 2 152 151 450 25 3.3 
3 152 151 450 25 3.2 
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 Steel Bars 8.2.2
The tensile testing of steel bars was conducted in accordance to Australian Standard AS 
1391-2007 (AS 2007). Three specimens each of 400 mm in length from each of N12 
and R10 steel bars were tested in tension using the 500 kN Instron testing machine.  
Table 8.4 Results of tensile testing of steel bars 
Sample 
no. 
Diameter 
(mm) 
Yield 
load 
(kN) 
Yield 
Stress 
(MPa) 
Average 
Yield 
Stress 
(MPa) 
Ultimate 
load 
(kN) 
Ultimate 
stress 
(MPa) 
Average 
Ultimate 
Stress 
(MPa) 
N12-1 12 67.9 600 
609 
76.9 680 
687 N12-2 12 68.9 609 77.7 687 
N12-3 12 69.8 617 78.4 693 
R10-1 10 32.4 413 
411 
38.2 486 
497 R10-2 10 31.8 405 38.9 496 
R10-3 10 32.6 415 39.9 508 
 
 
Figure 8.4 Axial stress-axial strain of tested N12 bars 
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Figure 8.5 Axial stress-axial strain of tested R10 bars 
The tensile test results of N12 and R10 steel bars are presented in Table 8.4. The 
average yield strengths of N12 and R10 bars were 609 MPa and 411MPa, respectively. 
The axial stress-axial strain of tested N12 bars is presented in Figure 8.4 and the axial 
stress-axial strain of tested R10 bars is presented in Figure 8.5. The strain in tested steel 
bars was measured using the extensometer attached at the mid-height of the bar. The 
extensometer has a gauge length of 200 mm.  
 FRP Bars 8.2.3
In this study, two types of FRP bars i.e. Carbon FRP (CFRP) and Glass FRP (GFRP) 
bars were used. Testing of FRP bars included three tests i.e. determination of cross-
sectional area and diameter of FRP bars, determination of ultimate strength and 
modulus of elasticity of FRP bars in tension and determination of ultimate strength and 
modulus of elasticity of FRP bars in compression. 
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The cross-sectional area and diameter of CFRP and GFRP bars were measured by 
immersion testing as recommended in International Standard Organization ISO 104061-
1-15 (ISO 2015). Three CFRP bar specimens of 216 mm in length and three GFRP bar 
specimens of 237 mm in length were used to determine the cross-sectional area and 
diameter of FRP bars. The results of the Immersion testing of CFRP and GFRP bars are 
given in Table 8.5 
Table 8.5 Results of Immersion testing of CFRP and GFRP bars 
Sample 
no. 
Length 
of bar 
(mm) 
Volume 
of 
cylinder 
without 
bar 
(cm3) 
Volume 
of 
cylinder 
with bar 
(cm3) 
Area of 
bar 
(mm2) 
Average 
area of 
bar 
(mm) 
Diameter 
of bar 
(mm) 
Average 
diameter 
of bar 
(mm) 
CFRP-1 216 100 138 171.5 
176 
14.8 
15.0 CFRP-2 216 100 137 171.3 14.8 
CFRP-3 216 100 140 185.2 15.4 
GFRP-1 237 100 170 295.4 
292.5 
19.4 
19.3 GFRP-2 237 100 169 291.1 19.3 
GFRP-3 237 100 169 291.1 19.3 
The measured average cross-sectional area and diameter of CFRP bar were 177 mm2 
and 15 mm, respectively, which were similar to nominal cross-sectional area and 
diameter provided by the manufacturer (CST Composites). The measured average 
cross-sectional area and diameter of GFRP bar were 292 mm2 and 19.3 mm, 
respectively. The nominal cross-sectional area and diameter of GFRP bar provided by 
the manufacturer (V-Rod) were 198 mm2 and 15.9 mm, respectively. The difference in 
the measured and nominal cross-sectional area and diameter of GFRP bar is due to sand 
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coat. Although, sand coat improves the bond between FRP bar and concrete, its effect 
on the strength of FRP bar is negligible. Hence the nominal cross-sectional area and 
diameter of CFRP and GFRP bars were used in calculating the ultimate strength and 
modulus of elasticity. 
The tensile testing of FRP bar was conducted according to the guidelines of American 
Standard for Testing Materials ASTM D7205/D7205M-11 (ASTM 2011). Three 
specimens of the 15 mm diameter CFRP bars each of 1555 mm in length and three 
specimens of the 15.9 mm diameter GFRP bars each of 1555 mm in length were tested 
in tension using the 500 kN Instron testing machine. The strain in the tested FRP bars 
was measured using the extension data obtained from 500 kN Instron testing machine. 
The extensometer having a gauge length of 200 mm was also attached at mid-height of 
the tested bar to measure extension in the bar. However, the extensometer was detached 
at half way during the test to prevent extensometer from damage as FRP bars failed due 
to rupture of fibres.  
The tension test arrangement consisted of FRP bar embedded in steel tube anchors at 
the ends. This is because the bearing strength of FRP bars is significantly smaller than 
that of steel bars and without steel tube anchors FRP bars would fail prematurely at the 
point of contact within steel grips in the loading heads. Prior to testing, CFRP bars were 
coated with two layers of coarse sand to increase the friction between CFRP bars and 
steel tube anchors whereas tested GFRP bars were obtained in sand coated condition 
from the manufacturer (Figure 8.6a). The dimensions of steel tube anchors reported here 
were selected after a number of trials as ASTM D7205M/7205-11 (ASTM 2011) only 
states the minimum thickness, length and inside and outside diameters of steel tube 
anchors. 
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(a) 
 
(b) 
 
(c) 
Figure 8.6 Tensile testing of FRP bar (a) surface preparation of bar, (b) steel tube 
anchorage at the ends and (c) testing of FRP bar 
Moreover, ASTM D7205M/7205-11 (ASTM 2011) does not cover the tensile testing of 
15 mm diameter CFRP bar. Also, there is no available study in which 15 mm diameter 
CFRP bar has been tested in tension. For CFRP bars, the steel tube anchors of 46.1 mm 
outer diameter and 27.4 mm inner diameter with grout spacing of 6.2 mm were selected. 
The wall thickness of steel tube anchor used for tensile testing of CFRP bar was 9.35 
mm. For GFRP bars, the steel tube anchors of 46.5 mm outer diameter and 26.7 mm 
inner diameter with grout spacing of 5.4 mm were selected. The wall thickness of steel 
tube anchor used for tensile testing of GFRP bar was 10 mm. The steel tube anchors 
were filled with expansive cement (Bristar 100) grout on alternate days as cement grout 
requires minimum of 16 hours to develop expansive stresses (30 MPa) before grouted 
steel tube anchor ends could be turned upside down (Figure 8.6b). According to the 
specifications provided by the manufacturer (Talhelyo Materials Corporation, Japan), 
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expansive cement grout would generate the maximum expansive pressure after 72 hours 
of casting. FRP bars were tested in tension after 72 hours of casting under a 
displacement controlled load application at a rate of 1.0 to 1.3 mm per minute to 
produce rupture of the fibres within the free length (gauge length) of the tested FRP bars 
(Figure 8.6c). The experimental results of CFRP and GFRP bars tested in tension are 
presented in Table 8.6. The average strength of CFRP and GFRP bars in tension was 
1157 MPa and 1395 MPa, respectively. The average modulus of elasticity of CFRP and 
GFRP bars in tension was 89 GPa and 56 GPa, respectively. 
Table 8.6 Experimental results of CFRP and GFRP bars tested in tension 
Specimen 
no. 
Maximum 
tensile 
load (kN) 
Maximum 
tensile 
stress 
(MPa) 
Average 
tensile 
stress 
(MPa) 
Modulus of 
elasticity in 
tension (GPa) 
Average 
modulus of 
elasticity in 
tension (GPa) 
CFRP-T-1 199.2 1128 
1157 
87 
89 CFRP-T-2 211.1 1195 87 
CFRP-T-3 202.8 1148 94 
GFRP-T-1 258.0 1308 
1395 
56 
56 GFRP-T-2 278.9 1410 55 
GFRP-T-3 290.2 1468 57 
The tested FRP bars reported here failed due to rupture of the fibres in the gauge length 
(Figure 8.7). This shows that the selected dimensions of steel tube anchors were 
sufficient to grip the CFRP and GFRP bars during tensile testing. A progressive 
slippage of GFRP bars was observed during the tensile testing. It is to be noted that 
ASTM D7205M/7205-11 (ASTM 2011) allows a progressive slippage of FRP bar 
during test as long as the failure is within the gauge length. 
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(a) CFRP bar 
 
(b) GFRP bar 
Figure 8.7 Observed failures in tension in (a) CFRP bar and (b) GFRP bar 
 
Figure 8.8 Tensile stress-tensile strain curves of tested CFRP bars 
The tensile stress-tensile strain curves of tested CFRP bars is presented in Figure 8.8 
and the tensile stress-tensile strain curves of tested GFRP bars is presented in Figure 
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8.9. The CFRP and GFRP bars consisted of about two-thirds fibres and one-third resin. 
The non-linear tensile stress-strains of the tested CFRP and GFRP bars is attributed to 
the large quantities of resin in FRP bars. Similar tensile testing results of GFRP bars 
have been reported in Carvelli et al. (2009).  
 
Figure 8.9 Tensile stress-tensile strain curves of tested GFRP bars 
The maximum tensile stresses and corresponding tensile strains in GFRP bars were 
larger than those of CFRP bars. The tensile strength of GFRP bars was about 1.2 times 
of CFRP bars. The modulus of elasticity of both CFRP and GFRP bars was determined 
as a gradient of tensile stress-tensile strain curve up to 0.3% tensile strain as 
recommended in ASTM D7205M/7205-11 (ASTM 2011). The modulus of elasticity of 
CFRP bar in tension was 1.6 times of GFRP bars. Although, ASTM D7205M/D7205-11 
(ASTM 2011) allows progressive slippage of FRP bar during tensile testing, however, 
the tensile strains obtained from tensile testing of FRP bars may not be true 
representative of the actual strains in FRP bar. It is suggested to calculate tensile strains 
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in FRP bar as a ratio of tensile stress to modulus of elasticity in tension. During the 
tensile testing of FRP bars, the slippage observed in testing of CFRP bars was smaller 
than the slippage observed in testing of GFRP bars. 
The compression testing of FRP bars was conducted according to the guidelines in 
American Standard for Testing Materials ASTM D695-10 (ASTM 2010). Five 
specimens of the 15 mm diameter CFRP bars each of 60 mm in length and five 
specimens of the 15.9 mm diameter GFRP bars each of 80 mm in length were tested in 
compression using the 100 kN Instron testing machine. The strain in the tested FRP bars 
was calculated using the data obtained from 100 kN Instron testing machine.  
 
Figure 8.10 Compression testing arrangement for FRP bars 
To test the FRP bars in compression, ASTM D695-10 (ASTM 2010) compression test 
method for rigid plastics was simplified by replacing flat and parallel surface hardened 
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blocks with flat and parallel surface high strength steel plates in the testing machine. In 
the High Bay Laboratories, CFRP and GFRP bar specimens were cut to the required 
lengths of 60 mm and 80 mm, respectively. The testing arrangement for the 
compression test consisted of two flat and parallel surface steel plates fixed to the 
loading heads of the 100 kN Instron testing machine (Figure 8.10). The specimens were 
tested under a displacement controlled load application at a rate of 1.0 to 1.3 mm per 
minute until the failure.The CFRP and GFRP bars tested in compression reported here 
failed due to the separation of fibres which may be due to the failure of resin rather than 
the buckling of fibres (Figure 8.11). 
The experimental results of CFRP and GFRP bars tested in compression are presented 
in Table 8.7. The average strengths of CFRP and GFRP bars tested in compression were 
596 MPa and 846 MPa, respectively. The average modulus of elasticity of CFRP and 
GFRP bars tested in compression were 49 GPa and 42 GPa, respectively.   
 
(a) 
 
(b) 
Figure 8.11 Observed failures in compression (a) CFRP bars and (b) GFRP bars 
The compressive stress-compressive strain curves of tested CFRP bars is presented in 
Figure 8.12 and the compressive stress-compressive strain curves of tested GFRP bars is 
presented in Figure 8.13. The compressive stress-compressive strain behaviour of CFRP 
and GFRP bars is similar.  
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Table 8.7 Experimental results of CFRP and GFRP bars tested in compression 
Specimen 
no. 
Maximum 
compressive 
load (kN) 
Maximum 
compressive 
stress 
(MPa) 
Average 
compressive 
stress 
(MPa) 
Modulus of 
elasticity in 
compression 
(GPa) 
Average 
modulus of 
elasticity in 
compression  
(GPa) 
CFRP-C-1 100.8 571 
596 
50 
49 
CFRP-C-2 109.1 618 50 
CFRP-C-3 103.5 586 46 
CFRP-C-4 105.7 598 50 
CFRP-C-5 107.6 609 49 
GFRP-C-1 183.2 996 
846 
40 
42 
GFRP-C-2 147.1 743 42 
GFRP-C-3 155.1 784 42 
GFRP-C-4 159.0 804 43 
GFRP-C-5 178.7 903 43 
 
 
Figure 8.12 Compressive stress-compressive strain curves of tested CFRP bars 
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Figure 8.13 Compressive stress-compressive strain curves of tested GFRP bars 
The maximum compressive stresses and corresponding compressive strains in GFRP 
bars were significantly larger than those of CFRP bars. The compressive strength of 
GFRP bar was about 1.4 times that of CFRP bar. The modulus of elasticity in 
compression of CFRP bar was about 1.17 times that of GFRP bar. None of the available 
research studies tested 15 mm diameter CFRP bar in compression. However, Deitz et al. 
(2003) tested 15 mm diameter GFRP bar in compression. The modulus of elasticity in 
compression of 15 mm diameter tested GFRP bar obtained in this experimental study is 
identical to the value (42 GPa) reported by Deitz et al. (2003). 
The mechanical properties of CFRP and GFRP tubes were calculated using the fibre and 
resin properties provided by the manufacturer. The calculated mechanical properties of 
CFRP and GFRP tubes are presented in Table 8.8. It is to be noted that the available 
standards are for the tubes with fibres oriented either in circumferential direction or 
longitudinal direction. However, the tubes used in this experimental program were 
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designed to have inner layer of fibres oriented in the circumferential direction and outer 
layer of fibres oriented in the longitudinal direction. Hence, the mechanical properties of 
CFRP and GFRP tubes were calculated using the fibre and resin properties provided by 
the manufacturer.  
Table 8.8 Mechanical properties of FRP tubes 
Tube 
type 
Modulus of 
elasticity in 
circumferential 
direction cE
(GPa) 
Ultimate tensile 
strength in 
circumferential 
direction cfuf ,  
(MPa) 
Modulus of 
elasticity in 
longitudinal 
direction lE
(GPa) 
Ultimate tensile 
strength in 
longitudinal 
direction lfuf ,  
(MPa) 
CT 54 1188 16.2 142.6 
GT 18 810 5.4 92.2 
The experimental program in this research study consisted of the pilot test program and 
the main experimental program. In the pilot test program, six Concrete Filled Carbon 
FRP Tube (CFRP-CFFT) cylinders and six Concrete Filled Glass FRP Tube (GFRP-
CFFT) cylinders were tested under concentric axial load. In the main test program, eight 
CFRP-CFFT column specimens with and without CFRP bars and eight GFRP-CFFT 
specimens with and without GFRP bars under concentric and eccentric axial loads and 
four-point load were tested. Four steel RC column specimens under concentric and 
eccentric axial loads and four-point load were tested as reference specimens. The 
experimental results of the pilot test program and the main experimental program are 
presented and discussed in the following sections. 
 Testing of Concrete Filled Fibre Reinforced Polymer Tubes (CFFT) 8.3
Cylinders 
The experimental results of three 0.5 mm thick CFRP-CFFT (CT0.5) cylinders, three 
1.0 mm thick CFRP-CFFT (CT1.0), three 1.3 mm thick GFRP-CFFT (GT1.3) and three 
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2.6 mm thick GFRP-CFFT (GT2.6) cylinders of 152.5 mm inner diameter and 305 mm 
height tested under concentric axial load are reported. The observed failure of the tested 
CFFT cylinders, axial load-axial deformation, axial stress-axial strain and axial stress-
circumferential strain of tested CFFT cylinders are presented and discussed in this 
section.  
The cylinders were tested to the rupture of CFFT. The observed failure of tested CFRP-
CFFT and GFRP-CFFT cylinders was characterized by rupturing of fibres at the mid-
height of the cylinders and crushing of concrete. The failure in CFRP-CFFT cylinders 
was initiated by snapping sounds of rupturing of fibres at the mid-height of the 
cylinders under applied axial load. Increase in applied axial load resulted in increased 
snapping sounds due to rupturing of fibres. The final failure in CFRP-CFFT cylinders 
was marked by the rupture of CFRP tube at the mid-height of the cylinder along with 
crushing of concrete (Figure 8.14). 
 
Figure 8.14 The observed failures in the CT0.5 and CT1.0 cylinders 
The failure in GFRP-CFFT cylinders was initiated with snapping sounds of rupturing of 
fibres at the mid-height of the cylinders under the applied axial load. Increase in applied 
axial load resulted in increased rupturing of fibres at the mid-height of cylinders. The 
final failure in GFRP-CFFT cylinders was due to rupturing of fibres almost along the 
entire height of the cylinders with crushing of concrete. The observed failure in GFRP-
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CFFT cylinders was similar to the failure in CFRP-CFFT cylinders however, the failure 
in CFRP-CFFT cylinders was more brittle and louder than GFRP-CFFT cylinders. 
 
Figure 8.15 The observed failures in the GT1.3 and GT2.6 cylinders 
Table 8.9 Test results of circular CFFT cylinders under concentric axial load 
Cylinders 
ID 
 
Peak axial 
load (kN) 
Axial 
deformation 
at peak 
axial load 
(mm) 
Peak axial 
stress 
(MPa) 
Axial strain 
in CFFT at 
mid-height 
at peak 
axial stress 
Circumferential 
strain in CFFT 
at mid-height at 
peak axial stress 
CT0.5-1 1173.5 5.4 63.7 0.020 0.020 
CT0.5-2 1162.8 5.6 63.5 0.023 0.012 
CT0.5-3 1177.0 5.1 63.7 0.021 0.016 
CT1.0-1 1383.4 6.8 77.4 0.036 0.017 
CT1.0-2 1477.0 6.5 78.5 0.026 0.015 
CT1.0-3 1396.5 6.4 77.2 0.033 0.015 
GT1.3-1 1192.5 6.5 62.8 0.033 0.022 
GT1.3-2 1187.6 6.2 64.7 0.028 0.020 
GT1.3-3 1158.9 5.5 63.5 0.026 0.020 
GT2.6-1 1792.1 8.0 91.8 0.039 0.017 
GT2.6-2 1848.2 8.5 95.0 0.019 0.015 
GT2.6-3 1711.5 9.9 97.2 0.034 0.015 
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Table 8.9 summarizes the experimental results of the tested CFRP-CFFT cylinders and 
GFRP-CFFT cylinders in terms of peak axial load, axial deformation at peak axial load, 
peak axial stress, axial strain in CFFT at mid-height at peak axial stress and 
circumferential strain in CFFT at mid-height at peak axial stress. 
The axial load-axial deformation of tested 0.5 mm thick CFRP-CFFT (CT0.5) cylinders 
is presented in Figure 8.16. The average peak axial load carried by the CT0.5 cylinders 
was 1171kN and the average axial deformation at peak axial load sustained by CT0.5 
cylinders was 5.4 mm. 
 
Figure 8.16 Axial load-axial deformation curves of the CT0.5 cylinders 
The axial load-axial deformation curves of tested 1.0 mm thick CFRP-CFFT (CT1.0) 
cylinders are presented in Figure 8.17. The average peak axial load carried by the CT1.0 
cylinders was 1419 kN. The average axial deformation at peak axial sustained by CT1.0 
cylinders was 6.6 mm. 
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The increase in thickness of CFRP-CFFT cylinders from 0.5 mm to 1.0 mm resulted in 
an increase in peak axial loads and axial deformations at peak axial load. The average 
peak axial load carried by the CT1.0 cylinders was 21% larger than the average peak 
axial load carried by the CT0.5 cylinders. The average axial deformation at peak axial 
load sustained by the CT1.0 cylinders was 13% larger than the axial deformations at 
peak axial load sustained by the CT0.5 cylinders. This increase in peak axial load and 
axial deformation at peak axial load is attributed to increase in thickness of CFRP tube 
and increase in confinement pressure applied by CFRP tube in confining the concrete. 
 
Figure 8.17 Axial load-axial deformation curves of the CT1.0 cylinders 
The axial load-axial deformation curves of tested 1.3 mm thick GFRP-CFFT (GT1.3) 
cylinders are presented in Figure 8.18. The average peak axial load carried by the GT1.3 
cylinders was 1180 kN and the average axial deformation at peak axial sustained by the 
GT1.3 cylinders was 6.1 mm. 
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The axial load-axial deformation curves of tested 2.6 mm thick GFRP-CFFT (GT2.6) 
cylinders are presented in Figure 8.19. The average peak axial load carried by the GT2.6 
cylinders was 1784 kN and the average axial deformation at peak axial sustained by the 
GT2.6 cylinders was 8.8 mm. 
 
Figure 8.18 Axial load-axial deformation curves of the GT1.3 cylinders 
 
Figure 8.19 Axial load-axial deformation curves of the GT2.6 cylinders 
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The average peak axial load carried by the GT2.6 cylinders was 51.2% larger than the 
average peak axial load carried by the GT1.3 cylinders. The average axial deformation 
at peak axial load sustained by the GT2.6 cylinders was 44.3% larger than the average 
axial deformation at peak axial load sustained by the GT1.3 cylinders. The increase in 
average peak axial load and average axial deformation at peak axial load in GT2.6 
cylinders than in GT1.3 cylinders was attributed to increase in thickness of GFRP tube 
which resulted in increase in confinement pressure applied by GFRP tube in confining 
the concrete. 
Axial stress-axial strain and axial stress-circumferential strain curves of CFRP-CFFT 
and GFRP-CFFT cylinders can be identified by two rising curves smoothly joined at 
transition point. The first rising curve showed a sharp increase in axial stress with small 
increase in axial and circumferential strains at mid-height of the FRP tube. Increase in 
axial stress resulted in increased micro-cracking in the confined concrete and hence 
increased lateral expansion of the confined concrete. The increased micro-cracking 
resulted in increased concrete dilation (volumetric strain which is defined as volume 
change per volume) due to the crushing of concrete. The increase in lateral expansion of 
the confined concrete resulted in increased circumferential confinement pressure 
applied by the confined concrete at the interface of FRP tube and concrete. As the 
lateral expansion of the confined concrete approached the critical axial stress (axial 
stress approximately equal to the unconfined strength of concrete) of the FRP tube 
confined concrete, the FRP tube confinement was activated i.e., initiation of second 
curve (transition point). The FRP tube started to confine the dilated concrete with 
increasing confinement pressure. The confinement pressure continued to increase with 
increase in axial stress and dilated confined concrete continued to resist axial load until 
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the confining capacity of FRP tube was exhausted (rupture point). The slope of the first 
curve depends on the unconfined concrete strength while the slope of the second curve 
depends on the confining capacity of the FRP tube.  
Axial stress-axial strain and axial stress-circumferential strain curves of 0.5 mm thick 
CFRP-CFFT (CT0.5) cylinders are presented in Figure 8.20 and axial stress-axial strain 
and axial stress-circumferential strain curves of 1.0 mm thick CFRP-CFFT (CT1.0) 
cylinders are presented in Figure 8.21.  
 
Figure 8.20 Axial stress-axial strain and axial stress-circumferential strain at mid-height 
curves of the CT0.5 cylinders 
The first curves of axial stress-axial strain and axial stress-circumferential strain of 
CT0.5 and CT1.0 cylinders were similar. At this stage, FRP tube confinement was not 
much effective in confining the concrete. The second curves of axial stress-axial strain 
and axial stress-circumferential strain of CT1.0 cylinders were steeper than those of 
CT0.5 cylinders. This was because the confinement pressure applied by CFRP tube in 
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confining the concrete in CT1.0 cylinders was two times of the confinement pressure 
applied by CFRP tube in CT1.0 cylinders.  
 
Figure 8.21 Axial stress-axial strain and axial stress-circumferential strain at mid-height 
cuves of the CT1.0 cylinders 
The average peak axial stress carried by the CT1.0 cylinders was 19.7% larger than the 
average peak axial stress carried by the CT0.5 cylinders. The average axial strains at 
peak axial stress sustained by the CT1.0 cylinders was 25.3% larger than the average 
axial strains at peak axial stress sustained by the CT0.5 cylinders. Increase in CFRP 
tube thickness resulted in greater applied confinement pressure by the CFRP tube 
confinement on the confined concrete which produced higher peak axial stresses and 
corresponding axial strains. However, CT1.0 and CT0.5 cylinders sustained similar 
average circumferential strains at peak axial stress. 
Axial stress-axial strain and axial stress-circumferential strain curves of 1.3 mm thick 
GFRP-CFFT (GT2.6) cylinders are presented in Figure 8.22 and axial stress-axial strain 
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and axial stress-circumferential strain curves of 2.6 mm thick GFRP-CFFT (GT2.6) 
cylinders are presented in Figure 8.23.  
The first curves of axial stress-axial strain and axial stress-circumferential strain of 
GT1.3 and GT2.6 cylinders were similar as GFRP tube confinement was not much 
activated in confining the concrete. The second curves of axial stress-axial strain and 
axial stress-circumferential strain of GT2.6 cylinders were steeper than those of GT1.3 
cylinders. This was because the confinement pressure applied by 2.6 mm thick GFRP 
tube was two times higher than the confinement pressure applied by 1.3 mm thick 
GFRP tube. The peak axial stress carried by GT2.6 cylinders was 45.7% larger than the 
peak axial stress carried by GT1.3 cylinders.  
 
Figure 8.22 Axial stress-axial strain and axial stress-circumferential strain at mid-height 
of the GT1.3 cylinders 
The average axial strain at peak axial stress sustained by the GT2.6 cylinders was 13.4% 
larger than those of GT1.3 cylinders, this variation could be attributed to the location of 
strain gauge on GFRP tube. The larger peak axial stress and corresponding axial strains 
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in the GT2.6 cylinders than in GT1.3 cylinders was attributed to the higher confinement 
pressure applied by 2.6 mm thick GFRP tube than 1.3 mm thick GFRP tube. 
 
Figure 8.23 Axial stress-axial strain and axial stress-circumferential strain at mid-height 
of the GT2.6 cylinders 
 Comparison of FRP sheet confined concrete and CFFT columns 8.3.1
The peak axial stress and corresponding axial strains at mid-height of the CFFT 
cylinders are compared with the peak axial stress and corresponding axial strains at 
mid-height of the FRP sheet confined concrete cylinders available in the literature with 
similar nominal confinement ratios. The peak axial stress and axial strains at mid-height 
of the selected FRP sheet confined concrete cylinders are given in Table 8.10. 
The peak axial stress and corresponding axial strain at mid-height of the CT0.5 
cylinders are compared with the peak axial stress and corresponding axial strain at mid-
height of the CFRP sheet confined concrete cylinders reported in Berthet et al. (2005) 
and Jiang and Teng (2007). The average peak axial stress carried by the CT0.5 cylinders 
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was 52.3% smaller than the average peak axial stress carried by CFRP sheet confined 
concrete cylinders reported in Berthet et al. (2005). The average peak axial stress 
carried by the CT0.5 cylinders was 38% smaller than the average peak axial stress 
carried by CFRP sheet confined concrete cylinders reported in Jiang and Teng (2007). 
Table 8.10 Experimental results of FRP sheet confined concrete cylinders 
Study 
Unconfined 
concrete 
strength cof
(MPa) 
Thickness 
of FRP 
sheet t  
(mm) 
Nomin
al 
confine
-ment 
ratio 
Peak 
axial 
stress 
ccf '
(MPa) 
Perce-
ntage 
differ-
ence 
(%) 
Axial 
strain at 
peak axial 
stress cuε  
Perce-
ntage 
differ-
ence 
(%) 
Berthet 
et al. 
(2005) 
40.1 0.99 0.99 142.4 
-52.3 
0.025 
-13.1 
40.1 0.99 0.99 140.4 0.024 
Jiang 
and 
Teng 
(2007) 
38.0 0.68 0.85 110.1 
-38.0 
0.026 
-22.1 
38.0 0.68 0.85 107.4 0.026 
38.0 1.36 1.70 161.3 
-52.9 
0.037 
-11.9 
38.0 1.36 1.70 158.5 0.035 
Ahmad 
et al. 
(1991) 
39.0 0.88 0.91 115.3 -44.1 - - 
Bullo 
(2003) 
32.5 1.15 0.80 118.8 
-49.7 
0.043 
-42.4 32.5 1.15 0.80 130.2 0.040 
32.5 1.15 0.80 135.8 0.048 
Faella 
et al. 
(2005) 
18.1 0.48 1.0 60.0 
+2.5 
0.009 
+88.2 
18.1 0.48 1.0 59.5 0.016 
18.1 0.48 1.0 62.0 0.009 
18.1 0.48 1.0 61.7 - 
18.1 0.96 2.0 76.3 
+11.5 
0.012 
+36.5 
18.1 0.96 2.0 86.1 0.011 
18.1 0.96 2.0 78.6 - 
18.1 0.48 2.0 84.6 - 
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The average axial strains at peak axial stress sustained by the CT0.5 cylinders were 
17.6% smaller than the average axial strains at peak axial load sustained by the CFRP 
sheet confined concrete cylinders reported in Berthet et al. (2005) and Jiang and Teng 
(2007). 
The peak axial stress and corresponding axial strain at mid-height of the CT1.0 
cylinders were compared with the peak axial stress and corresponding axial strain at 
mid-height of the CFRP sheet confined concrete cylinders reported in Jiang and Teng 
(2007). The average peak axial stress carried by the CT1.0 cylinders was 52.9% smaller 
than the peak axial stress carried by the CFRP sheet confined concrete cylinders 
reported in Jiang and Teng (2007). The average axial strains at peak axial stress 
sustained by the CT1.0 cylinders were 11.9% smaller than the average axial strains at 
peak axial stress sustained by the CFRP sheet confined concrete cylinders reported in 
Jiang and Teng (2007). 
The peak axial stress and corresponding axial strain at mid-height of the GT1.3 
cylinders were compared with peak axial stress and corresponding axial strain of the 
GFRP sheet confined concrete cylinders reported in Ahmad et al. (1991) and Bullo 
(2003). The average peak axial stress carried by the GTI cylinders was 44.1% smaller 
than the peak axial stress carried by the GFRP sheet confined concrete cylinders 
reported in Ahmad et al. (1991). The average peak axial stress carried by the GTI 
cylinders was 49.7% smaller than the peak axial stress carried by the GFRP sheet 
confined concrete cylinders reported in Bullo (2003). The average axial strains at peak 
axial stress sustained by the GTI cylinders was 42.4% smaller than the average axial 
strains at peak axial stress sustained by the GFRP sheet confined concrete cylinders 
reported in Bullo (2003).  
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The average peak axial stress and corresponding axial strain at mid-height of the CT0.5, 
CT1.0 and GT1.3 cylinders were smaller than the average peak axial stress and 
corresponding axial strain at mid-height of the FRP sheet confined concrete cylinders 
with similar nominal confinement ratios. Toutanji (1999) reported that peak axial stress 
and corresponding axial strains at mid-height in the CFFT cylinders were smaller than 
the peak axial stress and corresponding axial strains at mid-height in the FRP sheet 
confined concrete cylinders for similar nominal confinement ratios. 
The peak axial stress and corresponding axial strains at mid-height of the GT1.3 and 
GT2.6 cylinders were compared with peak axial stress and corresponding axial strains at 
mid-height of the GFRP sheet confined concrete cylinders reported by Faella et al. 
(2005). The average peak axial stress carried by the GT1.3 cylinders was 2.5% larger 
than the peak axial stress carried by the GFRP sheet confined cylinders. The average 
peak axial stress carried by the GT2.6 cylinders was 11.5% larger than the peak axial 
stress carried by the GFRP sheet confined concrete cylinders reported by Faella et al. 
(2005). The average axial strain at peak axial stress sustained by the GT1.3 cylinders 
was 88.2% larger than the average axial strain at peak axial stress carried by the GFRP 
sheet confined concrete cylinders. The average axial strain at peak axial stress sustained 
by the GT2.6 cylinders was 36.5% larger than the average axial strain at peak axial 
stress carried by the GFRP sheet confined concrete cylinders.  
 Comparison of Experimental and Predicted Test Results of CFFT Columns 8.3.2
The experimental average peak axial stress and average axial strain at peak axial stress 
of CFFT columns were compared with the average peak axial stress and average axial 
strain at peak axial stress predicted using design oriented strength and strain 
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enhancement ratio models proposed in Chapter 5 and the Purelin and Tansig strength 
and strain enhancement ratio models proposed in Chapter 6.  
The comparison of experimental average peak axial stresses and predicted average peak 
axial stresses with design oriented strength enhancement ratio model is presented in 
Figure 8.24. The design oriented strength enhancement ratio model underestimated the 
average peak axial stresses of CFRP tubes (CT0.5 and CT1.0) and GFRP tubes (GT1.3 
and GT2.6) by 21.7% and 13%, respectively. 
 
Figure 8.24 Comparison of experimental and predicted design oriented strength 
enhancement ratio model’s average peak axial stress 
The comparison of experimental average axial strains at peak axial stress and predicted 
average axial strains at peak axial stress with design oriented strain enhancement ratio 
model is presented in Figure 8.25. The design oriented strain enhancement ratio model 
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underestimated the average axial strains at peak axial stress of CFRP tubes (CT0.5 and 
CT1.0) and GFRP tubes (GT1.3 and GT2.6) by 47.2% and 15.5%, respectively. 
 
Figure 8.25 Comparison of experimental and predicted design oriented strength 
enhancement ratio model’s average axial strain at peak axial stress 
The comparison of experimental average peak axial stresses and predicted average peak 
axial stresses with Purelin and Tansig strength enhancement ratio models is presented in 
Figure 8.26. The Purelin strength enhancement ratio model underestimated the average 
peak axial stresses of CFRP tubes (CT0.5 and CT1.0) and GFRP tubes (GT1.3 and 
GT2.6) by 21.2% and 17.7%, respectively. The Tansig strength enhancement ratio 
model underestimated the average peak axial stress of CFRP tubes (CT0.5 and CT1.0) 
and GFRP tubes (GT1.3 and GT2.6) by 17.4% and 3.3%, respectively. The predictions 
of Tansig strength enhancement ratio were closer to the experimental average peak axial 
stresses than that of Purelin strength enhancement ratio model. 
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Figure 8.26 Comparison of experimental and predicted Purelin and Tansig strength 
enhancement ratio models average axial strain at peak axial stress 
 
Figure 8.27 Comparison of experimental and predicted design oriented strength 
enhancement ratio model’s average axial strain at peak axial stress 
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The comparison of experimental average axial strain at peak axial stress and predicted 
average axial strain at peak axial stress with Purelin and Tansig strain enhancement 
ratio models is presented in Figure 8.27. The Purelin strain enhancement ratio model 
underestimated the average axial strains at peak axial stress of CFRP tubes (CT0.5 and 
CT1.0) and GFRP tubes (GT1.3 and GT2.6) by 58.2% and 53.4%, respectively. The 
Tansig strain enhancement ratio model underestimated the average axial strains at peak 
axial stress of CFRP tubes (CT0.5 and CT1.0) and GFRP tubes (GT1.3 and GT2.6) by 
52.9% and 12.9%, respectively. The predictions of Tansig strain enhancement ratio 
model were closer to the experimental average axial strains at peak axial stresses than 
that of Purelin strain enhancement ratio model. 
 Testing of Specimens under Axial Loads 8.4
In this section, the peak axial load and the corresponding axial and lateral deformations 
of three steel RC specimens, six unreinforced Concrete Filled Carbon FRP Tube 
(CFFT) specimens and six FRP bar reinforced CFFT specimens tested under concentric 
and eccentric axial loads are reported. The experimental results measured during the test 
are presented to describe the behaviour under axial load eccentricity.  
In this study, the ductility ( µ ) of the tested specimens was computed as the ratio of the 
area ( 2A ) under the load deformation curve up to ultimate deformation ( uδ ) to the area 
( 1A ) under the load deformation curve up to the yield deformation ( yδ ) (Equation 8.1) 
(Foster and Attard 1997; Hadi and Widiarsa 2012 and Hadi et al. 2013). 
  
1
2
A
A
=µ  (8.1) 
To compute yδ , a best fit regression line to the initial linear elastic part of the load 
deformation curve and a horizontal line corresponding to the peak load of the specimen 
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were drawn. The deformation corresponding to intersection of the extrapolated best fit 
regression line and the horizontal line represents the yield deformation yδ .The 
deformation corresponding to 85% of the peak load in the descending part of the load-
deformation curve represents uδ (Figure 8.28). 
 
Figure 8.28 Calculation of ductility of the tested specimens 
All specimens were tested to the rupture of CFFT. The failure of specimens tested under 
concentric axial load was marked by rupturing of fibers at the mid-height of the 
specimen and crushing of concrete. The unreinforced CFFT specimens tested under 
eccentric axial load were split in two halves at the mid-height of the specimen with 
crushing of concrete. The FRP bar reinforced CFFT specimens tested under eccentric 
axial load were failed by rupturing of fibers close to the mid-height of the specimen 
with outward buckling of FRP bars and crushing of concrete without splitting of the 
CFFT in two halves at the mid-height of the specimen. 
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 Specimens Tested under Concentric Axial Load 8.4.1
The failure of Specimen REF-0 was initiated with hair line cracks on the concrete cover 
under the applied axial load. The increase in the applied axial load resulted in increased 
in number and width of cracks on concrete cover. At the peak axial load, the concrete 
cover started to spall off followed by crushing of concrete and buckling of longitudinal 
steel bars. The failure of Specimen REF-0 was marked by spalling of concrete cover, 
crushing of concrete and buckling of steel bars without rupturing of steel helix. The 
failure of Specimens CT-0 and GT-0 was initiated with snapping sounds of rupturing of 
fibres under the applied axial loads. The increase in the applied axial loads resulted in 
loud snapping sounds of rupturing of fibres. At the peak axial load, Specimens CT-0 
and GT-0 failed in a brittle manner with loud snapping sounds of rupturing of fibres at 
mid-height of the specimens followed by crushing of concrete (Figure 8.29). 
           
Figure 8.29 Tested Specimens REF-0, CT-0 and GT-0 
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The failure in Specimens CTCR-0 and GTGR-0 was initiated with snapping sound of 
rupturing of fibres of CFFT, however, the final failure in Specimens CTCR-0 and 
Column GTGR-0 was different. Specimen CTCR-0 failed with very loud snapping 
sounds from rupturing of fibres along the entire height of specimen and crushing of 
concrete. In Specimen CTCR-0, outward buckling of CFRP bars was observed. 
Specimen CTCR-0 failed in a brittle manner. Specimen GTGR-0 failed in the top one-
third segment of specimen with rupturing of GFRP tube and rupturing of the top end of 
the GFRP bars. At failure, the peak axial load in Specimen GTGR-0 did not drop to 
zero unlike Specimen CTCR-0. The final failure of Specimen GTGR-0 was not 
accompanied by the loud snapping sound of the rupturing of fibres. The axial load in 
Specimen GTGR-0 dropped to 25% of the peak axial load without further reduction in 
axial load with increasing axial deformation until the test was stopped (Figure 8.30). 
      
Figure 8.30 Tested Specimens CTCR-0 and GTGR-0 
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The peak axial load, axial deformation at peak axial load and ductility of the steel RC 
specimen and the CFFT specimens tested under concentric axial load are presented in 
Table 8.11. The axial load-deformation behaviours of the tested specimens under 
concentric axial load are presented in Figure 8.31.  
Table 8.11 Experimental results of specimens tested under concentric axial load 
Specimens 
ID 
Peak axial 
load (kN) 
Axial deformation at 
peak axial load 
(mm) 
Ductility  ( ) 
REF-0 1529 2.4 6.7 
CT-0 1770 18.1 11.6 
GT-0 1884 21.3 14.6 
CTCR-0 2197 20.9 10.2 
GTGR-0 2812 23.1 12.6 
 
 
Figure 8.31 Axial load-axial deformation behaviour of specimens tested under 
concentric axial load 
µ
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Specimens CT-0, GT-0, CTCR-0 and GTGR-0 carried 15.8%, 23.2%, 43.7% and 83.9% 
higher peak axial loads, respectively, than Specimen REF-0. Specimens CT-0, GT-0, 
CTCR-0 and GTGR-0 exhibited 73.7%, 120.3%, 54.0% and 89.2% higher ductility, 
respectively, than Specimen REF-0. The effect of FRP tube confinement was more 
pronounced in increasing the ductility than the peak axial loads. This was because FRP 
tubes have two-thirds of the fibres orientated along the circumferential direction which 
were effective in confining concrete. The higher peak axial loads and ductility in 
Specimens CT-0 and GT-0 than Specimen REF-0 indicate the greater effectiveness of 
FRP tube in confining the concrete than steel helix. Also, steel helix confined smaller 
concrete area than the FRP tube confinement. Specimen CTCR-0 carried 24.1% higher 
peak axial load than Specimen CT-0. Similarly, Specimen GTGR-0 carried 49.3% 
higher peak axial load than Specimen GT-0.  
 
Figure 8.32 Axial load-axial strain and axial load-circumferential strain in CFFT at mid-
height curves of specimens tested under concentric axial load 
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The axial load-axial strain in CFFT at mid-height of specimen curves and the axial load-
circumferential strain in CFFT at mid-height of specimen curves of the specimens tested 
under concentric axial load are presented in Figure 8.28. Specimens CTCR-0 and 
GTGR-0 attained significantly higher axial strains at mid-height in the CFFT at peak 
axial loads than Specimens CT-0 and GT-0. Specimen CTCR-0 sustained larger 
circumferential strains in CFFT at mid-height than Specimens CT-0 and GT-0. 
However, Specimen GTGR-0 sustained smaller circumferential strain in CFFT at mid-
height than Specimens CT-0 and GT-0. This was attributed to stress concentration in the 
top one-third height of the specimen resulting in failure in the top one-third height of 
specimen rather than at the mid-height of specimen. 
 Specimens Tested under 25 mm Eccentric Axial Load 8.4.2
The failure in Specimen REF-25 was initiated with hairline cracks on the concrete cover 
on the compression side under the applied axial load. The final failure of Specimen 
REF-25 was due to the spalling of the concrete cover on the compression side and 
crushing of concrete without buckling of longitudinal steel bars and fracture of steel 
helix. The failure in Specimens CT-25 and GT-25 was initiated with snapping sounds of 
rupturing of fibres at the mid-height of the specimens. The increase in the applied axial 
load resulted in louder snapping sounds of rupturing of fibres. Specimens CT-25 and 
GT-25 failed by splitting in two halves at the mid-height of the specimen accompanied 
by the rupturing of fibres and crushing of concrete (Figure 8.33).  
The failure in Specimens CTCR-25 and GTGR-25 was initiated with snapping sound of 
rupturing of fibres under the applied axial load. The increase in the applied axial load 
resulted in increased rupturing of fibres. The failure in Specimens CTCR-25 and 
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GTGR-25 was marked by rupturing of fibres, outward buckling of FRP bars and 
crushing of concrete. Unlike Specimens CT-25 and GT-25, Specimens CTCR-25 and 
GTGR-25 were not split into two halves at mid-height of the specimens because of the 
presence of FRP bars. In Specimen CTCR-25, most of the fibres ruptured near the mid-
height of the specimen whereas in Specimen GTGR-25, most of the fibres ruptured near 
the top one-third segment of the specimen (Figure 8.34). 
           
Figure 8.33 Tested Specimens REF-25, CT-25 and GT-25 
The peak axial load, axial and lateral deformations at peak axial load and ductility of the 
steel RC specimen and the CFFT specimens tested under 25 mm eccentric axial load are 
presented in Table 8.11. The axial load-deformation behaviours of specimens tested 
under 25 mm eccentric axial load are shown in Figure 8.31. Specimens CT-25 and GT-
25 carried 15.0% and 3.2% smaller peak axial loads, respectively, than Specimen REF-
25. This might be due to the reduction in the confinement effectiveness of FRP tubes 
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under eccentric axial load as FRP tubes were subjected to both axial compression and 
bending moment. Also, Specimens CT-25 and GT-25 were not reinforced with FRP 
bars.  
      
Figure 8.34 Tested Specimens CTCR-25 and GTGR-25 
Table 8.12 Experimental results of specimens tested under 25 mm eccentric axial load 
Specimens 
ID 
Peak axial 
load (kN) 
Axial 
deformation at 
peak axial load 
(mm) 
Lateral 
deformation at 
peak axial load 
(mm) 
Ductility ( ) 
REF-25 888 4.2 3.3 5.3 
CT-25 755 3.5 4.7 8.1 
GT-25 860 4.2 5.8 8.4 
CTCR-25 1182 6.5 12.3 8.2 
GTGR-25 1487 13.5 13.4 9.2 
 
µ
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Figure 8.35 Axial load-axial deformation and axial load-lateral deformation behavior of 
specimens tested under 25 mm eccentric axial load 
Specimens CTCR-25 and GTGR-25 carried 33.1% and 67.5% higher peak axial loads, 
respectively, than Specimen REF-25 which shows the effectiveness of FRP bars in 
resisting axial loads. Specimen GTGR-25 resisted higher peak axial loads than 
Specimen CTCR-25 as GFRP bars have higher ultimate tensile strength than CFRP 
bars. Also, GFRP bars have larger nominal diameter than CFRP bars. Specimens CT-
25, GT-25, CTCR-25 and GTGR-25 showed 51.3%, 58.1%, 54.1% and 73.3% higher 
ductility, respectively, than Specimen REF-25 which shows the larger confinement 
provided by FRP tubes than steel helix. 
The axial load-axial strain in CFFT at mid-height of the specimen (tension and 
compression side) curves are presented in Figure 8.36 and the axial load-circumferential 
strain in CFFT at mid-height of the specimen (tension and compression) curves are 
presented in Figure 8.37. 
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Figure 8.36 Axial load-axial strain in CFFT at mid-height of the specimen curves tested 
under 25 mm eccentric axial load 
 
Figure 8.37 Axial load-circumferential strain in CFFT at mid-height of the specimen 
curves tested under 25 mm eccentric axial load 
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The specimens tested under 25 mm eccentric axial load exhibited larger axial strains 
and circumferential strains in CFFT at mid-height on the compression side than the 
tension side. This was attributed to the fact that under applied axial load eccentricity the 
compression side was more compressed than the tension side hence, the compression 
side was more confined than the tension side resulting in higher axial and 
circumferential strains on the compression side than on the tension side. 
 Specimens Tested under 50 mm Eccentric Axial Load 8.4.3
The failure in Specimen REF-50 was initiated with hairline cracks on the concrete cover 
on the compression side under applied axial load. Increase in applied axial load resulted 
in increased width and number of cracks on the compression side. Specimen REF-50 
failed due to spalling of concrete cover and crushing of concrete primarily in the top 
half of the specimen without buckling of longitudinal steel bars or rupturing of steel 
helix. The failure of Specimens CT-50 and GT-50 was initiated with snapping sounds of 
rupturing of fibres under applied axial load similar to Specimens CT-25 and GT-50. The 
increase in the applied axial load resulted in loud snapping sounds due to rupturing of 
fibres at mid-height of the specimens. The failure of Specimens CT-50 and GT-50 was 
characterized by splitting of specimens in two halves at mid-height with crushing of 
concrete and rupture of fibres (Figure 8.38).  
The failure in Specimens CTCR-50 and GTGR-50 was initiated with snapping sounds 
of rupturing of fibres similar to Specimens CTCR-25 and GTGR-25. The increase in the 
applied axial load resulted in louder snapping sounds due to rupturing of fibres. 
Specimen CTCR-50 failed due to rupturing of fibres at mid-height of specimen with 
significant lateral deformation but without splitting of the specimen at mid-height of the 
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specimen. Specimen GTGR-50 failed due to rupturing of fibres mainly in the top one-
third segment of specimen along with crushing of concrete but without splitting of the 
specimen in two halves at mid-height (Figure 8.39). 
           
Figure 8.38 Tested Specimens REF-50, CT-50 and GT-50 
The peak axial load, axial and lateral deformations at peak axial load and ductility of the 
steel RC specimen and the CFFT specimens tested under 50 mm eccentric axial load are 
presented in Table 8.13.    
The axial load-deformation behaviours of the specimens tested under 50 mm eccentric 
axial load are presented in Figure 8.36. Specimens CT-50 and GT-50 carried 17.7% and 
11.2% smaller peak axial loads, respectively, than the Specimen REF-50. Specimens 
CTCR-50 and GTGR-50 carried 12.1% and 53.2% larger peak axial loads than 
Specimen REF-50. Specimen CT-50 exhibited 1.9% smaller ductility than Specimen 
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REF-50 whereas Specimen GT-50 exhibited 15.4% larger ductility than Specimen REF-
50. This showed that the confinement effectiveness of FRP tube was reduced under 50 
mm eccentric axial load. However, Specimens CTCR-50 and GTGR-50 exhibited 
72.7% and 107.8% larger ductility, respectively, than Specimen REF-50. 
      
Figure 8.39 Tested Specimens CTCR-50 and GTGR-50 
Table 8.13 Test results of specimens tested under 50 mm eccentric axial load 
Specimens 
ID 
Peak axial 
load (kN) 
Axial 
deformation at 
peak axial load 
(mm) 
Lateral 
deformation at 
peak axial load 
(mm) 
Ductility ( ) 
REF-50 594 3.2 3.2 3.7 
CT-50 489 2.8 3.9 3.6 
GT-50 523 4.1 4.0 4.3 
CTCR-50 666 4.3 19.2 6.4 
GTGR-50 910 11.6 21.0 7.7 
µ
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Figure 8.40 Axial load-axial deformation and axial load-lateral deformation behavior of 
specimens tested under 50 mm eccentric axial load 
The axial load-axial strain in CFFT at mid-height of specimen (tension and compression 
side) curves is presented in Figure 8.41 and the axial load-circumferential strain in 
CFFT at mid-height of specimen (tension and compression) curves are presented in 
Figure 8.42.  
Increase in applied axial load eccentricity from 25 mm to 50 mm resulted in reduction 
in axial strains and circumferential strains in CFFT on the compression and the tension 
sides at mid-height of specimens. This shows that increase in applied axial load 
eccentricity resulted in reduction in the confinement effectiveness of FRP tube and 
hence, increase in the applied axial load eccentricity resulted in smaller axial loads and 
ductility of CFFT with and without FRP reinforcing bars. 
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Figure 8.41 Axial load-axial strain in CFFT at mid-height of specimen curves tested 
under 50 mm eccentric axial load 
 
Figure 8.42 Axial load-circumferential strain in CFFT at mid-height of the specimen 
curves tested under 25 mm eccentric axial load 
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 Influence of Eccentricity on Specimens Test Results  8.5
The influence of eccentricity on the peak axial loads of the 15 specimens tested under 
different applied axial load eccentricity is presented in Figure 8.43. Specimens REF-25 
and REF-50 carried 58% and 39%, respectively, of the peak axial loads carried by 
Specimen REF-0. Specimens CT-25 and CT-50 carried 43% and 28%, respectively, of 
the peak axial loads carried by Specimen CT-0. Specimens GT-25 and GT-50 carried 
46% and 28%, respectively, of the peak axial loads carried by Specimen GT-0. 
Specimens CTCR-25 and CTCR-50 carried 54% and 30%, respectively, of the peak 
axial load carried by Specimen CTCR-0. Specimens GTGR-25 and GTGR-50 carried 
53% and 32%, respectively, of the peak axial load carried by Specimen GTGR-0.  
 
Figure 8.43 Effect of eccentricity on peak axial loads of tested specimens 
The increase in the applied axial load eccentricity resulted in larger reduction in peak 
axial loads in CFFT specimens (CT, GT, CTCR and GTGR) than in steel RC specimens 
(REF). This could be attributed to greater reduction in the confinement effectiveness of 
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CFFT specimens than REF specimens as FRPs’ have lower modulus of elasticity than 
steel. Moreover, FRPs have smaller compressive strength than tensile strength. 
Increased in applied axial load eccentricity resulted in larger reduction in the peak axial 
load in the unreinforced CFFT (CT and GT) specimens than in FRP bar reinforced 
CFFT (CTCR and GTGR) specimens.  
 
Figure 8.44 Effect of eccentricity on ductility of tested specimens 
The influence of eccentricity on the ductility of the tested specimens under different 
applied axial load eccentricity is presented in Figure 8.44. Specimens REF-25 and REF-
50 exhibited 79% and 55%, respectively, of the ductility exhibited by Specimen REF-0. 
Specimens CT-25 and CT-50 exhibited 69% and 31%, respectively, of the ductility 
exhibited by Specimen CT-0. Specimens GT-25 and GT-50 exhibited 58% and 29%, 
respectively, of the ductility exhibited by Specimen GT-0. Specimens CTCR-25 and 
CTCR-50 exhibited 80% and 63%, respectively, of the ductility exhibited by Specimen 
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CTCR-0. Specimens GTGR-25 and GTGR-50 exhibited 73% and 61%, respectively, of 
the ductility exhibited by Specimen GTGR-0.  
Increase in applied load eccentricity resulted in decrease in ductility of tested 
specimens. Specimens CT and GT exhibited significantly larger reduction in ductility 
than Specimens CTCR and GTGR. The smaller reduction in the ductility of Specimens 
CTCR and GTGR was due to the addition of FRP bars. The reduction in the ductility in 
Specimen REF was smaller than the reduction in the ductility in Specimens CT and GT, 
although FRP tubes have two-thirds of the fibres oriented along the circumferential 
direction but FRPs are significantly weaker in compression than in tension. Increase in 
the applied load eccentricity resulted in larger reduction in the ductility in Specimens 
GTGR than in Specimens CTCR as the modulus of elasticity of GFRP tube was one-
third of the modulus of elasticity of CFRP tube. 
 Specimens Tested under Four-point Load 8.6
Five specimens were tested under four-point load. The unreinforced CFFT specimens 
tested under four-point load failed by rupturing of fibers and splitting of concrete in two 
halves in the middle third segment whereas FRP bar reinforced CFFT specimens tested 
under four-point load failed by rupturing of fibers with bending of bars and crushing of 
concrete. The failure in Specimen REF-B was initiated with flexural cracks in the 
middle segment of specimen in the tension region under the four-point load. Increase in 
the four-point load resulted in increase in the number and width of flexural cracks in the 
tension region and crushing of concrete in the compression region. The failure of 
Specimen REF-B was marked by long and wide flexural cracks in the tension region 
and crushing of concrete in the compression region within the middle segment of the 
tested specimen. The failure in Specimen CT-B was initiated with snapping sounds of 
 
233 
 
rupturing of fibers under the four-point load. The increase in the four-point load resulted 
in louder snapping sounds of rupturing of fibers. Specimen CT-B failed due to rupture 
of inner circumferential fibers and outer skew fibers and also split in two halves in the 
middle segment of the tested specimen. The failure in Specimen GT-B was also 
initiated like the Specimen CT-B tested under four-point load. The failure in Specimen 
GT-B was due to the rupture of inner circumferential fibers. However, the outer skew 
fibers were stretched but did not rupture. Specimen GT-B was split in two halves in the 
middle-third segment. Moreover, no slippage between FRP tube and concrete was 
observed under the four-point load (Figure 8.45). 
 
Figure 8.45 Tested Specimens REF-B, CT-B and GT-B  
The failure in Specimens CTCR-B and GTGR-B was initiated with snapping sounds of 
rupturing of fibers under four-point load. The failure in Specimens CTCR-B and 
GTGR-B was characterized by rupturing of fibers and bending of bars without splitting 
of the tested specimens in the middle-third segment. Specimens CTCR-B and GTGR-B 
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failed due to rupturing of fibers on the tension and compression sides along with 
bending of FRP bars and crushing of concrete under four-point load. In Specimen 
CTCR-B, slippage of CFRP bars was observed as CFRP bars were smooth uncoated 
bars. In Specimen GTGR-B, slippage of GFRP bars was very small (Figure 8.46). 
 
Figure 8.46 Tested Specimens CTCR-B and GTGR-B  
The peak flexural load, midspan deflection at peak flexural load and ductility of steel 
RC column and CFFT columns tested under four-point load are presented in Table 8.14.  
Table 8.14 Test results of specimens tested under four-point load 
Specimens ID 
Peak flexural 
load (kN) 
Midspan 
deflection at peak 
flexural load (mm) 
Ductility       
( ) 
REF-B 347 37.3 9.9 
CT-B 93 26.7 3.6 
GT-B 116 27.1 4.9 
CTCR-B 223 28.2 8.7 
GTGR-B 448 29.1 9.8 
The flexural load versus midspan deflection of the specimens tested under four-point 
load is presented in Figure 8.47. Specimens CT-B and GT-B carried 73.2% and 66.6% 
smaller peak flexural loads, respectively, and 28.4% and 27.4% smaller midspan 
µ
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deflections at peak flexural load, respectively, than Specimen REF-B. This might be due 
to the fact that most of the fibers in both CFRP and GFRP tubes were oriented along the 
circumferential direction and were not very effective in resisting flexural load under 
bending.  
 
Figure 8.47  Flexural load-midspan deflection behavior of specimens tested under four-
point load 
Specimen CTCR-B carried 35.7% and 24.4%, respectively smaller flexural load and 
midspan deflection at peak flexural load than Specimen REF-B. This was because the 
smooth CFRP bars in Specimen CTCR-B slipped under four-point load due to smaller 
friction between the CFRP bars and the concrete. Specimen GTGR-B carried 29.3% 
larger peak flexural load and 22.0% smaller midspan deflection at peak flexural load 
than Specimen REF-B, although GFRP bars were sand coated and exhibited higher 
frictional resistance between the bars and the concrete but small slippage was still 
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observed. The measured results of Specimen GTGR-B obtained in this study were close 
to the test results reported by Cole and Fam (2006) and Masmoudi and Mohamed 
(2010). Specimens CTCR-B and GTGR-B exhibited larger midspan deflections at 
ultimate flexural load than the Specimen REF-B. Specimens CT-B, GT-B, CTCR-B and 
GTGR-B exhibited 63.7%, 50.4%, 12.0% and 1.0%, respectively, smaller ductility than 
Specimen REF-B. This is because FRP is a brittle material whereas steel is a ductile 
material. 
 Summary 8.7
In this Chapter, the test results of preliminary material testing were first explained. Then 
the experimental results of the pilot test program were reported to study the influence of 
different types and thickness of FRP tubes on the experimental results of the CFFT 
cylinders. The experimental results of the main experimental test program were reported 
to discuss the effect of FRP tube confinement, FRP bar reinforcement, different applied 
axial load eccentricity and four-point load on the experimental results of the tested 
CFFT specimens with and without FRP reinforcing bar and steel RC specimens.  
Based on the experimental results presented in this study, CTCR and GTGR groups can 
serve as an alternative of REF group under concentric and eccentric axial loads and 
flexural load in structural applications for which corrosion of steel bar is a concern. 
However, CT and GT groups can serve as an alternative of REF group under concentric 
axial load. This Chapter leads to analytical results and discussions chapter in which the 
analytical results of the tested CFFT cylinders, CFFT specimens with and without FRP 
reinforcing bars and steel RC specimens are presented and discussed.  
 
 
 
237 
 
9 ANALYTICAL RESULTS AND DISCUSSIONS 
 Introduction 9.1
In this chapter the analytical results of the pilot test program and the main experimental 
program are presented and discussed. The analytical results of the pilot test program 
included constructing axial stress-axial strain curves of CFFT cylinders tested under 
concentric axial load.  The analytical results of the main experimental program are split 
into two parts. The first part of the analytical results of the main experimental program 
included constructing axial load-axial deformation curves of CFFT specimens tested 
under concentric axial load. Also, an equation was proposed to determine the axial load 
capacity of FRP bar reinforced CFFT specimens tested under concentric axial load. The 
second part of the analytical results of the main experimental program included 
constructing axial load bending moment interactions of CFFT specimens with and 
without FRP reinforcing bars and steel RC specimens tested under concentric and 
eccentric axial loads and four-point load.  
The analytical results of the pilot test program are presented to model the axial stress-
axial strain behaviour of CFFT cylinders using two well-known stress-strain models of 
FRP confined concrete. The analytical results of the first part of the main experimental 
program are presented to model the axial load-axial deformation behaviour of CFFT 
specimens with and without FRP reinforcing bars using two-well known stress-strain 
models of FRP confined concrete. Also, to propose an accurate axial load carrying 
capacity equation of CFFT specimens with and without FRP reinforcing bars. The 
analytical results of the second part of the main experimental program are presented to 
model the axial load bending moment interactions using the equivalent rectangular 
stress block and layer-by-layer numerical integration methods using two well-known 
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FRP confined concrete stress-strain models and two available design codes of FRP 
confined concrete. 
 Stress-strain Relationships of Unconfined and FRP confined Concrete  9.2
In this study, the axial stress-axial strain behaviour of steel RC (REF) specimens was 
analytically modelled using the axial stress-axial strain model proposed by Popovics 
(1973). In Specimens REF, the confinement effect of steel helix at peak axial load was 
ignored. The ACI 318M-11(ACI 2011) design guidelines for structural concrete also 
ignores the contribution of steel helix confinement at peak axial load in axial load 
capacity of steel RC column. This is because the lateral strains in steel helix at peak 
axial load are 15% of the yield strain of steel bar (Mohamed et al. 2014).  
The axial stress-axial strain curves of CFFT cylinders and axial load-axial deformation 
curves of CFFT specimens tested under concentric axial load were analytically 
modelled using two well-known stress-strain models of FRP confined concrete 
proposed by Samaan et al. (1998) and Lam and Teng (2003). The axial load bending 
moment interactions of CFFT specimens tested under concentric and eccentric axial 
loads and four-point load were modelled using the stress-strain models of FRP confined 
concrete proposed by Samaan et al. (1998), Lam and Teng (2003), ACI 440.2R-08 (ACI 
2008) and fib Bulletin 14 (2001). The details of these models are briefly presented here 
and the complete description of these models is presented in Chapter 4. 
 Popovics (1973) Model 9.2.1
The axial stress-axial strain behaviour of unconfined concrete was modelled using 
continuous axial stress-axial strain curve of concrete proposed by Popovics (1973) as 
given in Equation (4.9). 
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where cf  is the axial stress of unconfined concrete, cε  is the axial strain of unconfined 
concrete, cof  is the unconfined concrete strength, coε  is the unconfined concrete strain 
corresponding to cof  and 'n  is a coefficient which accounts for the concrete brittleness. 
 Samaan et al. (1998) Model 9.2.2
Samaan et al. (1998) stress-strain model uses versatile elastic-plastic stress-strain model 
proposed by Richard and Abbott (1975) to represent the axial stress-axial strain of FRP 
confined concrete as given in Equation (9.2).  
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where cf  is the axial stress of FRP confined concrete, cε  is the axial strain of FRP 
confined concrete, cE  is the elastic modulus of concrete and is equivalent to slope of 
first ascending axial stress-strain curve, 2E  is the slope of the second ascending axial 
stress-strain curve, of  is the axial stress at the intercept of second slope with axial stress 
axis and n  is a curve shape parameter which mainly controls the curvature of the 
transition point. 
 Lam and Teng (2003) Model 9.2.3
Lam and Teng (2003) stress-strain model also uses versatile elastic-plastic stress-strain 
model proposed by Richard and Abbott (1975) to represent the axial stress-axial strain 
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of FRP confined concrete. Lam and Teng (2003) represents the stress-strain behaviour 
of FRP confined concrete with two branches i.e., the parabolic first branch followed by 
the linear-elastic second branch. The parabolic curve meets the linear-elastic curve at a 
transition strain ( tε ) as given in Equations ((9.3) – (9.4). 
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 coc Eff ε2+= , cuct εεε ≤≤  (9.4) 
 ACI 440.2R-08 Model 9.2.4
The ACI 440.2R-08 (ACI 2008) has adopted the well-known Lam and Teng (2003) 
stress-strain to model FRP confined concrete subjected to combined axial load and 
bending forces. The ACI (2008) introduced additional reduction factor ( fψ = 0.95) to 
calculate FRP confined concrete ( ccf ' ) (Equation(9.5)) and replaced the coefficient 
1.75 with 1.50 to calculate ultimate confined concrete strain ( cuε ) (Equation (9.6) in 
Lam and Teng (2003) stress-strain model. 
 
alfcocc fff ,3.3' ψ+=  (9.5) 
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where alf ,  is the actual confinement pressure applied by FRP on confined concrete. 
 Spoelstra and Monti (1999) Model 9.2.5
In Spoelstra and Monti (1999) research study an iterative incremental approach was 
adopted which uses the Popovics (1973) model (Equation (9.1) as the base curve. 
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Spoelstra and Monti (1999) derived an expression to implicitly determine the lateral 
dilation of FRP confined concrete through equilibrium of the dilating concrete and the 
FRP confinement which also accounts for the elastic behaviour of FRP until failure as 
given in Equation (9.7). 
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where lf  is the nominal confinement pressure applied by FRP confinement on the 
confined concrete and β  is a constant and function of concrete strength.  
 The fib Bulletin 14 (2001) Model  9.2.6
The fib Bulletin 14 (2001) for the design and use of externally bonded fibre reinforced 
polymer reinforcement (FRP EBR) for reinforced concrete structures has adopted the 
stress-strain model proposed by Spoelstra and Monti (1999) without any modification. 
 Axial Stress-Axial Strain Relationship of FRP and Steel Bars 9.2.7
Axial stress-strain behaviour of FRP bar is linear elastic till rupture (Kobayashi and 
Fujisaki 1995; Deitz et al. 2003; ACI 440.1R-06 (ACI 2006). Axial stress in FRP bar     
( FRPf ) at any axial strain ( FRPε ) was calculated as a function of modulus of elasticity of 
FRP bar in compression ( FRPE ) as given in Equation (9.8): 
   
FRPPFRFRP Ef ε=  (9.8) 
Axial stress-axial strain behaviour of steel bar is elastic-perfect plastic. Axial stress in 
steel bar ( ) at any axial strain ( ) was calculated as a function of modulus of 
elasticity of steel bar ( ) as given in Equation (9.9): 
sf sε
sE
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  (9.9) 
where is the yield strength of steel bar. 
 Analytical Axial Stress-Axial Strain Curves of CFFT Cylinders 9.3
The analytical axial stress-axial strain ( ccf ε− ) curves of CFFT (CT0.5, CT1.0, GT1.3 
and GT2.6) cylinders were constructed using well-known Samaan et al. (1998) and Lam 
and Teng (2003) stress-strain models for FRP confined concrete. The analytical axial 
stress ( cf ) of CFFT cylinders at any axial strain ( cε ) was calculated with stress-strain 
models proposed by Samaan et al. (1998) and Lam and Teng (2003). An excel spread 
sheet was used to carry out the required calculations and to draw the analytical ccf ε−  
curves.  
The analytical first ccf ε−  curve of Cylinder CT0.5-1 constructed with Samaan et al. 
(1998) and Lam and Teng (2003) models match well with the corresponding 
experimental first ccf ε−  curve (Figure 9.1). The axial stress of analytical ccf ε−  
curve constructed with Samaan et al. (1998) model at transition point was about 10% 
smaller than the axial stress of experimental ccf ε−  curve. The axial stress of analytical 
ccf ε−  curve constructed with Lam and Teng (1998) model at transition point was 
about 8.9% larger than the axial stress of experimental ccf ε−  curve. The axial stress of 
analytical ccf ε−  curves constructed with Samaan et al. (1998) and Lam and Teng 
(2003) models at rupture points were 16.7% and 14.3% smaller, respectively, than the 
axial stress of experimental ccf ε−  curve. The axial strain of analytical ccf ε−  curve 
constructed with Samaan et al. (1998) model and the experimental ccf ε−  curve at 
ysss ffEf ≤=
yf
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rupture point were similar. The axial strain of analytical ccf ε−  curve constructed with 
Lam and Teng (1998) model at rupture point was 44.1% smaller than the corresponding 
experimental ccf ε−  curve. 
 
Figure 9.1 Experimental and analytical axial stress-axial strain curves of Cylinder 
CT0.5-1 
The analytical first ccf ε−  curve of Cylinder CT0.5-2 constructed with Samaan et al. 
(1998) and Lam and Teng (2003) models match well with the corresponding 
experimental first ccf ε−  curve (Figure 9.2). The axial stress of the analytical ccf ε−
curve constructed with Samaan et al. (1998) model at transition point was 2.4% smaller 
than the experimental ccf ε−  curve. The axial stress of the analytical ccf ε−  curve 
constructed with Lam and Teng (2003) model at transition point was 19.4% larger than 
the experimental ccf ε−  curve. The axial stress of the analytical ccf ε−  curves 
constructed with Samaan et al. (1998) and Lam and Teng models at rupture point were 
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16.8% and 15.3% smaller, respectively, than the corresponding experimental ccf ε−
curves. The axial strain of the analytical ccf ε−  curves constructed with Samaan et al. 
(1998) and Lam and Teng (2003) models at rupture point were 12.3% and 48.5% 
smaller, respectively, than the corresponding experimental ccf ε−  curve. 
 
Figure 9.2 Experimental and analytical axial stress-axial strain curves of Cylinder 
CT0.5-2 
The analytical first ccf ε−  curves of Cylinder CT0.5-3 constructed with Samaan et al. 
(1998) and Lam and Teng (2003) models match well with the corresponding 
experimental first ccf ε−  curve (Figure 9.3). The axial stress of the analytical ccf ε−
curve constructed with Samaan et al. (1998) model at transition point was 9.4% smaller 
than the experimental ccf ε−  curve. The axial stress of the analytical ccf ε−  curve 
constructed with Lam and Teng (2003) model at transition point was 12.3% larger than 
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the experimental ccf ε−  curve. The axial stress of the analytical ccf ε−  curves 
constructed with Samaan et al. (1998) and Lam and Teng models at rupture point were 
15.0% and 16.8% smaller, respectively, than the corresponding experimental ccf ε−
curves. The axial strain of the analytical ccf ε−  curves constructed with Samaan et al. 
(1998) and Lam and Teng (2003) models at rupture point were 0.5% and 45% smaller, 
respectively, than the corresponding experimental ccf ε−  curve. 
 
Figure 9.3 Experimental and analytical axial stress-axial strain curves of Cylinder 
CT0.5-3 
The analytical first ccf ε−  curves of Cylinder CT1.0-1 constructed with Samaan et al. 
(1998) and Lam and Teng (2003) models match well with the corresponding 
experimental first ccf ε−  curve (Figure 9.4). The axial stress of the analytical ccf ε−
curve constructed with Samaan et al. (1998) model at transition point was 13.3% 
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smaller than the experimental ccf ε−  curve. The axial stress of the analytical ccf ε−
curve constructed with Lam and Teng (2003) model at transition point was 10.4% larger 
than the experimental ccf ε−  curve. The axial stress of the analytical ccf ε−  curves 
constructed with Samaan et al. (1998) and Lam and Teng models at rupture point were 
16.2% and 10.7% smaller, respectively, than the corresponding experimental ccf ε−
curves. The axial strain of the analytical ccf ε−  curves constructed with Samaan et al. 
(1998) and Lam and Teng (2003) models at rupture point were 30.3% and 46.6% 
smaller, respectively, than the corresponding experimental ccf ε−  curve. 
 
Figure 9.4 Experimental and analytical axial stress-axial strain curves of Cylinder 
CT1.0-1 
The analytical first ccf ε−  curves of Cylinder CT1.0-2 constructed with Samaan et al. 
(1998) and Lam and Teng (2003) models match well with the corresponding 
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experimental first ccf ε−  curve (Figure 9.5). The axial stress of the analytical ccf ε−
curve constructed with Samaan et al. (1998) model at transition point was 7.7% smaller 
than the experimental ccf ε−  curve. The axial stress of the analytical ccf ε−  curve 
constructed with Lam and Teng (2003) model at transition point was 9.3% larger than 
the experimental ccf ε−  curve. The axial stress of the analytical ccf ε−  curves 
constructed with Samaan et al. (1998) and Lam and Teng models at rupture point were 
15.8% and 10.9% smaller, respectively, than the corresponding experimental ccf ε−
curves. The axial strain of the analytical ccf ε−  curves constructed with Samaan et al. 
(1998) and Lam and Teng (2003) models at rupture point were 3.1% and 25.8% smaller, 
respectively, than the corresponding experimental ccf ε−  curve. 
 
Figure 9.5 Experimental and analytical axial stress-axial strain curves of Cylinder 
CT1.0-2 
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The analytical first ccf ε−  curves of Cylinder CT1.0-3 constructed with Samaan et al. 
(1998) and Lam and Teng (2003) models match well with the corresponding 
experimental first ccf ε−  curve (Figure 9.6). The axial stress of the analytical ccf ε−
curve constructed with Samaan et al. (1998) model at transition point was 7.5% smaller 
than the experimental ccf ε−  curve. The axial stress of the analytical ccf ε−  curve 
constructed with Lam and Teng (2003) model at transition point was 9.9% larger than 
the experimental ccf ε−  curve. The axial stress of the analytical ccf ε−  curves 
constructed with Samaan et al. (1998) and Lam and Teng models at rupture point were 
14.7% and 9.5% smaller, respectively, than the corresponding experimental ccf ε−
curves.  
 
Figure 9.6 Experimental and analytical axial stress-axial strain curves of Cylinder 
CT1.0-3 
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The axial strain of the analytical ccf ε−  curve constructed with Samaan et al. (1998) 
model at rupture point was 12.7% smaller than the experimental ccf ε−  curve. The 
axial strain of the analytical ccf ε−  curve constructed with Lam and Teng (2003) 
model at rupture point was 17.0% smaller than the corresponding experimental ccf ε−  
curve. 
 
Figure 9.7 Experimental and analytical axial stress-axial strain curves of Cylinder 
GT1.3-1 
The analytical first ccf ε−  curves of Cylinder GT1.3-1 constructed with Samaan et al. 
(1998) and Lam and Teng (2003) models match well with the corresponding 
experimental first ccf ε−  curve (Figure 9.7). The axial stress of the analytical ccf ε−
curve constructed with Samaan et al. (1998) model at transition point was 5.5% smaller 
than the experimental ccf ε−  curve. The axial stress of the analytical ccf ε−  curve 
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constructed with Lam and Teng (2003) model at transition point was 16.6% larger than 
the corresponding experimental ccf ε−  curve. The axial stress of the analytical ccf ε−  
curve constructed with Samaan et al. (1998) model and the experimental ccf ε−  curve 
at rupture point was similar. However, the axial stress of the analytical ccf ε−  curve 
constructed with Lam and Teng (2003) model at rupture point was 2.5% larger than the 
experimental ccf ε−  curve. The axial strain of the analytical ccf ε−  curves 
constructed with Samaan et al. (1998) and Lam and Teng (2003) models at rupture 
point were 5.8% and 36.2% smaller, respectively, than the experimental ccf ε−  curve. 
 
Figure 9.8 Experimental and analytical axial stress-axial strain curves of Cylinder 
GT1.3-2 
The analytical first ccf ε−  curves of Cylinder GT1.3-2 constructed with Samaan et al. 
(1998) and Lam and Teng (2003) models match well with the corresponding 
experimental first ccf ε−  curve (Figure 9.8). The axial stress of the analytical ccf ε−
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curve constructed with Samaan et al. (1998) model at transition point was 7.0% smaller 
than the experimental ccf ε−  curve. The axial stress of the analytical ccf ε−  curve 
constructed with Lam and Teng (2003) model at transition point was 9.6% larger than 
the experimental ccf ε−  curve. The axial stress of the analytical ccf ε−  curves 
constructed with Samaan et al. (1998) and Lam and Teng models at rupture point were 
2.7% and 0.6% smaller, respectively, than the corresponding experimental ccf ε−
curve. The axial strain of the analytical ccf ε−  curve constructed with Samaan et al. 
(1998) model at rupture point was 9.9% larger than the experimental ccf ε−  curve. The 
axial strain of the analytical ccf ε−  curve constructed with Lam and Teng (2003) 
model at rupture point was 25.5% smaller than the experimental ccf ε−  curve. 
 
Figure 9.9 Experimental and analytical axial stress-axial strain curves of Cylinder 
GT1.3-3 
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The analytical first ccf ε−  curves of Cylinder GT1.3-3 constructed with Samaan et al. 
(1998) and Lam and Teng (2003) models match well with the corresponding 
experimental first ccf ε−  curve (Figure 9.9). The axial stress of the analytical ccf ε−
curve constructed with Samaan et al. (1998) model at transition point was 8.1% smaller 
than the experimental ccf ε−  curve. The axial stress of the analytical ccf ε−  curve 
constructed with Lam and Teng (2003) model at transition point was 8.1% larger than 
the experimental ccf ε−  curve. The axial stress of the analytical ccf ε−  curve 
constructed with Samaan et al. (1998) model at rupture point was 6.3% smaller than the 
experimental ccf ε−  curve. The axial stress of the analytical ccf ε−  curve constructed 
with Lam and Teng (2003) model at rupture point was 1.7% larger than the 
experimental ccf ε−  curve. The axial strain of the analytical ccf ε−  curve constructed 
with Samaan et al. (1998) model at rupture point was 18.8% larger than the 
experimental ccf ε−  curve. The axial strain of the analytical ccf ε−  curve constructed 
with Lam and Teng (2003) model at rupture point was 19.4% smaller than the 
corresponding experimental ccf ε−  curve. 
The analytical first ccf ε−  curves of GT2.6-1 cylinder constructed with Samaan et al. 
(1998) and Lam and Teng (2003) models match well with the corresponding 
experimental first ccf ε−  curve (Figure 9.10). The axial stress of the analytical ccf ε−
curve constructed with Samaan et al. (1998) model at transition point was 3.0% smaller 
than the experimental ccf ε−  curve. The axial stress of the analytical ccf ε−  curve 
constructed with Lam and Teng (2003) model at transition point was 3.1% larger than 
the experimental ccf ε−  curve. The axial stress of the analytical ccf ε−  curve 
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constructed with Samaan et al. (1998) model at rupture point was 5.1% larger than the 
experimental ccf ε−  curve. The axial stress of the analytical ccf ε−  curve constructed 
with Lam and Teng (2003) model at rupture point and the experimental ccf ε−  curve 
was similar. The axial strain of the analytical ccf ε−  curves constructed with Samaan 
et al. (1998) model and Lam and Teng (2003) models at rupture point were 2.1% and 
2.1% smaller, respectively, than the corresponding experimental ccf ε−  curve.  
 
Figure 9.10 Experimental and analytical axial stress-axial strain curves of Cylinder 
GT2.6-1 
The analytical first ccf ε−  curves of Cylinder GT2.6-2 constructed with Samaan et al. 
(1998) and Lam and Teng (2003) models were significantly underestimated than the 
corresponding experimental first ccf ε−  curve (Figure 9.11). The axial stress of the 
analytical ccf ε−  curves constructed with Samaan et al. (1998) and Lam and Teng 
(2003) models at transition point was 10.4% and 5.8% smaller, respectively, than the 
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corresponding experimental ccf ε−  curves. The axial stress of the analytical ccf ε−
curves constructed with Samaan et al. (1998) and Lam and Teng (2003) models at 
rupture point was 3.7% and 0.4% smaller, respectively, than the corresponding 
experimental ccf ε−  curves. The axial strain of the analytical ccf ε−  curves 
constructed with Samaan et al. (1998) and Lam and Teng (2003) models at rupture 
point were 50% and 50% larger, respectively, than the experimental ccf ε−  curve. 
 
Figure 9.11 Experimental and analytical axial stress-axial strain curves of Cylinder 
GT2.6-2 
The analytical first ccf ε−  curves of Cylinder GT2.6-3 constructed with Samaan et al. 
(1998) model and Lam and Teng (2003) model were significantly overestimated with 
the corresponding experimental first ccf ε−  curve (Figure 9.12). The axial stress of the 
analytical ccf ε−  curves constructed with Samaan et al. (1998) and Lam and Teng 
(2003) models at transition point was 32.4% and 55.0% larger, respectively, than the 
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corresponding experimental ccf ε−  curves. The axial stress of the analytical ccf ε−
curves constructed with Samaan et al. (1998) and Lam and Teng (2003) models at 
rupture point was 6.0% and 0.6% smaller, respectively, than the corresponding 
experimental ccf ε−  curves. The axial strain of the analytical ccf ε−  curves 
constructed with Samaan et al. (1998) model and Lam and Teng (2003) models at 
rupture point were 11.8% and 11.8%, respectively, larger than the corresponding 
experimental ccf ε−  curve. 
 
Figure 9.12 Experimental and analytical axial stress-axial strain curves of Cylinder 
GT2.6-3 
It can be summarized that analytical ccf ε−  curves of CFFT cylinders constructed 
using Samaan et al. (1998) model matches well with the corresponding experimental
ccf ε−  curves at transition and rupture points. This might be because the parameters of 
the Samaan et al. (1998) model were validated using experimental results of FRP tube 
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confined concrete cylinders. In general, the stress-strain model proposed by Samaan et 
al. (1998) resulted in slightly conservative estimates of the axial stress and the 
corresponding axial strain of CFFT cylinders at transition and rupture points.  
The analytical first ccf ε−  curves of CFFT cylinders constructed using Lam and Teng 
(2003) model match well with the corresponding experimental ccf ε−  curves. 
However, the analytical second ccf ε−  curves constructed using Lam and Teng (2003) 
model did not show match well with the corresponding experimental ccf ε−  curves. 
This might be because the parameters of Lam and Teng (2003) model were validated 
with FRP sheet confined concrete cylinders. In general, stress-strain model proposed by 
Lam and Teng (2003) overestimated the axial stress of CFFT cylinders at the transition 
point. This is attributed to higher bond stress between FRP sheet and confined concrete 
than FRP tube and confined concrete. However, the stress-strain model of Lam and 
Teng (2003) underestimated the axial stress and axial strain at rupture point. This is 
because stress-strain model proposed by Lam and Teng (2003) limits the ultimate 
confined concrete strain ( cuε ) to 0.01 resulting in the smaller axial stress and the 
corresponding axial strain at rupture point. Although, analytical ccf ε−  curves 
constructed using Lam and Teng (2003) model did not match well with the 
corresponding experimental ccf ε−  curves but still resulted in slightly conservative 
estimates of the axial stress and the corresponding axial strain of CFFT cylinders at 
rupture point. 
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 Analytical Axial Load-Axial Deformation Curves of Concentric Specimens 9.4
The analytical axial loads ( P ) and axial deformations (δ ) of unreinforced and FRP bar 
reinforced CFFT specimens at any axial stress ( cf ) and axial strain ( cε ) were calculated 
using Equations (9.10) and (9.11), respectively: 
 FRPcfugc AfAfP ,+=  (9.10) 
 Hcεδ =  (9.11) 
where,  
 
cucFRPCFRPcu Ef εεε ≤= ,,,  (9.12) 
where gA  is the gross sectional area of CFFT specimen, CFRPE , is modulus elasticity of 
FRP bar in compression, FRPA  is the cross-sectional area of FRP bars, H  is the height 
of test specimen, FRPε is the strain in FRP bar and cuε  is the concrete crushing strain. 
 
Figure 9.13 Experimental and analytical axial load-axial deformation curves of 
Specimen CT-0 
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The analytical first and second rising δ−P  curves of Specimens CT-0 and GT-0 
constructed using Samaan et al. (1998) model match very well with the corresponding 
experimental first and second rising δ−P  curves (Figure 9.13 and Figure 9.14).  
For Specimens CT-0 and GT-0, axial load at the transition points of analytical δ−P  
curves constructed with Samaan et al. (1998) model were about 6.7% and 9.4% smaller, 
respectively, than the axial load at the transition points of the corresponding 
experimental δ−P  curves. For Specimen CT-0, axial load at the rupture point of 
analytical δ−P   curve constructed using Samaan et al. (1998) model was 2.3% smaller 
than the corresponding experimental δ−P  curve. For Specimens GT-0, axial load at 
the rupture point of the analytical δ−P  curve constructed using Samaan et al. (1998) 
model was 3.1% larger than the corresponding experimental δ−P  curve.  
 
Figure 9.14 Experimental and analytical axial load-axial deformation curves of 
Specimen GT-0 
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The analytical first rising δ−P  curves of Specimens CT-0 and GT-0 constructed using 
Lam and Teng (2003) model match well with the corresponding experimental first 
rising δ−P  curves. However, the axial loads of analytical second rising δ−P  curve 
of Specimen CT-0 constructed with Lam and Teng (2003) model at transition point was 
21.3% larger and at rupture point was 7.7% smaller than the axial loads of the 
experimental second rising δ−P  curve. For Specimen GT-0, the axial loads of 
analytical second rising δ−P  curve constructed with Lam and Teng (2003) model at 
transition and rupture points were 15.3% and 3.8% larger, respectively, than the axial 
loads of the corresponding experimental second rising δ−P  curve.  
 
Figure 9.15 Experimental and analytical axial load-axial deformation curves of 
Specimen CTCR-0 
The axial loads of analytical δ−P  curves of Specimen CTCR-0 constructed with 
Samaan et al. (1998) and Lam and Teng (2003) models were 3.3% and 46.2% larger at 
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transition points, respectively, than axial loads of the corresponding experimental 
δ−P  curve. Similarly, axial loads of analytical δ−P  curves of Specimen CTCR-0 
constructed with Samaan et al. (1998) and Lam and Teng (2003) models were 17.2% 
and 35.6% larger at rupture points, respectively, than the axial loads of experimental
δ−P  curve. This may be due to the fact that uncoated smooth CFRP bars did not 
develop a strong bond with the surrounding concrete and CFRP bars might have slipped 
during the test which resulted in the smaller experimental axial load and axial 
deformation than the analytical axial loads and axial deformations (Figure 9.15). 
 
Figure 9.16 Experimental and analytical axial load-axial deformation curves of 
Specimens GTGR-0 
The analytical first and second rising δ−P  curves of Specimen GTGR-0 constructed 
with Samaan et al. (1998) model match well with the corresponding experimental first 
and second δ−P  curves. The difference between the experimental and analytical
δ−P  curves was attributed to stress concentration in Specimen GTGR-0 which 
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resulted in rupturing of top end of sand coated GFRP bars. Axial loads of analytical
δ−P  curve constructed with Lam and Teng (2003) model were 13% and 24.1% larger 
at transition and rupture points, respectively, than the axial loads of the experimental 
δ−P  curve (Figure 9.16).  
It can be summarized that analytical δ−P  curves constructed with Samaan et al. 
(1998) model match well with experimental δ−P  curves of unreinforced and FRP bar 
reinforced CFFT specimens tested under concentric axial load. This might be because 
the parameters in Samaan et al. (1998) model were validated with only FRP tube 
confined concrete cylinders. The analytical δ−P  curves of tested specimens drawn 
using Lam and Teng (1998) model overestimated the experimental δ−P  curves of 
unreinforced and FRP bar reinforced CFFT specimens. This might be because the 
parameters in Lam and Teng (2003) model were validated with only FRP sheet confined 
concrete cylinders.   
 Theoretical Axial Load Capacity of CFFT Specimens 9.5
The ACI 318M-11 (ACI 2011) and CSAS806-12 (CSA 2012) define the nominal axial 
load capacity ( ) of steel Reinforced Concrete (RC) column under concentric axial 
load as:  
 sysgcocn AfAAfkP +−= )(  (9.13) 
where  is 28 days compressive concrete cylinder strength,  is the gross sectional 
area of column,  is the area of longitudinal steel bars and  is the yield strength of 
steel bar. In Equation (9.13), the ultimate concrete strength and yield strength of steel 
bars, respectively, is added to compute the theoretical nominal strength or yield strength 
nP
cof gA
sA yf
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of short RC columns under pure axial compression. The column capacity can be 
calculated based on Equation (9.13) as concrete and steel reach their plastic states at 
approximately the same strain level (Ozbakkaloglu and Saatcioglu 2004). The 
parameter ( ck ) is defined as the ratio of in-place concrete strength to concrete cylinder 
strength. The parameter ck  incorporates the shape and size effect and differences in 
concrete casting between columns and cylinders. In Equation (9.13) the confinement 
effect of steel helical reinforcement is ignored. This was due to the observation that at 
the peak axial load the lateral strain in steel helix was about 15% of the yield strain of 
steel bar (Mohamed et al. 2014). The ACI 318M-11 (ACI 2011) recommends ck  as 
0.85 based on the test results of extensive experimental program conducted on RC 
columns. In CSA S806-12 (CSA 2012) ck  is expressed as a function of  (Equation 
9.14). 
 67.00015.085.0 ≥−= coc fk  (9.14) 
The Equation (9.14) decreases from 0.85 to 0.67 with increase in  up to 120 MPa 
and remain constant for cof  greater than 120 MPa. The nominal axial load capacity of 
Specimen REF-0 was calculated with Equation (9.13) using 85.0=ck  as recommended 
in ACI (2011) and 79.0=ck  as recommended in CSA (2012) for cof = 37 MPa. The 
axial load capacity expressions in ACI (2011) and CSA (2012) underestimated the 
nominal axial load capacity of Specimen REF-0 by 10.1% and 14.3%, respectively. 
The ACI 440.1R-06 (ACI 2006) does not recommend using FRP bars as longitudinal 
reinforcement in columns. The latest edition, ACI 440.1R-15 (ACI 2015) does not 
include any recommendation for the use of FRP bars as longitudinal reinforcement in 
cof
cof
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columns. Afifi et al. (2014a, b) reported the nominal axial load capacity of FRP bar 
reinforced concrete (FRP RC) column (Equation 9.15) similar to the guidelines of ACI 
440.1R-06 (ACI 2006) by ignoring the contribution of FRP bars and using  
as: 
 )(85.0 FRPgcon AAfP −=  (9.15) 
Although, CSA (2012) allows the use of FRP bars as longitudinal reinforcement in 
columns subjected to axial load only; however, it ignores the contribution of 
longitudinal FRP bars in nominal axial load capacity. The CSA (2012) uses the similar 
equation of steel RC column to calculate the nominal axial load capacity of FRP RC 
column by ignoring the contribution of FRP bar and using 
as: 
 )( FRPgcocn AAfkP −=  (9.16) 
Afifi et al. (2014a, b) conducted a series of experiments to investigate the effect of 
longitudinal and helical reinforcement on nominal axial load capacity of FRP RC 
columns. Afifi et al. (2014a, b) reported that Equations (9.15 and 9.16) underestimated 
the axial load capacity of FRP RC column on average by 25-30% and 35-40%, 
respectively, by ignoring the contribution of FRP bars as compression reinforcement. 
Afifi et al. (2014a, b) reported that FRP bars in FRP RC columns were effective in 
resisting compression even after crushing of concrete and introduced Equation (9.17) to 
calculate the axial load capacity of FRP RC column by taking into account the 
contribution of FRP bars.  
 FRPfuFRPFRPgcon AfAAfP α+−= )(85.0  (9.17) 
85.0=ck
67.00015.085.0 ≥−= coc fk
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where FRPA  is the area of longitudinal FRP bar, fuf  is the ultimate tensile strength of 
FRP bar and FRPα  is a factor to account for the lower compressive strength of FRP bar 
than the tensile strength of FRP bar. The Equation (9.17) ignores the confinement effect 
of FRP helix in the nominal axial load capacity of FRP RC column as the reported 
average lateral strain in FRP helix at the peak axial load was about 2% of the ultimate 
tensile strain of FRP bar (Afifi et al. 2014a). 
The ACI 440.2R-08 (ACI 2008) and CSA (2012) use the same equation of steel RC 
column (Equation 9.13) to determine the nominal axial load capacity of externally FRP 
bonded steel RC column using ccf '  instead of cof  as confining RC column with FRP 
enhances the nominal axial load capacity of RC columns. The ACI (2008) adopts the 
stress-strain model proposed by Lam and Teng (2003) with minor modifications to 
calculate FRP confined concrete strength ( ccf '  ) as given in Equation (9.18). 
 alafcocc fkff ,3.3' ψ+=  (9.18) 
where  is additional reduction factor and  is efficiency factor to account for the 
geometry of the section. The ACI (2008) recommends fψ  as 0.95 and ak  as 1.0 for 
circular columns. The ACI (2008) limits the minimum value of circumferential 
confinement pressure at ultimate ( alf , ) to cof08.0  (i.e. 073.0, ≥alf ) to ensure a non-
descending second branch in the stress-strain performance (strain hardening behaviour). 
Also, the maximum value of ultimate confined concrete strain ( cuε ) is limited to 0.01 to 
avoid excessive cracking in the concrete and resulting loss of concrete integrity. 
fψ ak
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The CSA (2012) proposes Equation (9.19) to calculate FRP confined concrete strength  
( ) as:  
 
alscocc fkkff ,185.0' +=  (9.19) 
where 
 )(7.6 17.0,1
−= alfk  (9.20) 
where  accounts for the shape of the section and is equal to 1.0 for circular section. 
The CSA (2012) limits the maximum value of FRP circumferential strain ( ) to 
0.004. It was observed that by limiting the FRP circumferential strain to 0.004, the 
calculated circumferential confinement pressures at ultimate ( ) of CFRP-CFFT 
(Specimens CT-0 and CTCR-0) and GFRP-CFFT (Specimens GT-0 and GTGR-0) were 
only about 29% and 15%, respectively, of the experimental circumferential confinement 
pressures at ultimate ( ). The Equation (9.19) significantly underestimated the FRP 
confined concrete strength ( ) of the tested specimens. Hence, the CSA (2012) 
underestimated the nominal axial load capacity of the tested specimens. 
This study proposes Equation (9.21) to predict the axial load capacity of unreinforced 
and FRP bar reinforced CFFT specimens based on recommendations of ACI (2008) and 
Afifi et al. (2014a, b), adequately accounting for the confinement effect provided by 
FRP tube at peak axial load and contribution of FRP bars.  
 frpfuFRPFRPgccn AfAAfP α+−= )('85.0  (9.21) 
A reduction factor ( ) of 0.52 for CFRP bars and 0.61 for GFRP bars was 
determined based on the mechanical properties of tested FRP bars in compression and 
ccf '
sk
rupε
alf ,
alf ,
ccf '
FRPα
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tension reported in Chapter 8. In Equation (9.21), FRP confined concrete strength ( ) 
of the tested specimens was calculated using Samaan et al. (1998) model and Lam and 
Teng (2003) model. Using Samaan et al. (1998) model, Equation (9.21) underestimated 
the experimental axial load capacity by 11.4%. However, using Lam and Teng (2003) 
model, Equation (9.21) underestimated the experimental axial load capacity by 13.4%. 
Hence, it is suggested to calculate the  using Samaan et al. (1998) model in 
Equation (9.21). The measured average lateral strains in tested CFRP tubes and GFRP 
tubes at peak axial loads were about 61% and 27%, respectively, of the ultimate tensile 
strain in FRP tubes which were significantly higher than the measured lateral strain in 
FRP helix reported in Afifi et al. (2014a). It was observed that by ignoring the 
confinement effect provided by CFRP and GFRP tubes using  instead of  in 
Equation (9.21), Equation (9.21) underestimated the experimental axial load capacity of 
tested specimens by about 33.5%. Hence, the confinement effect of FRP tube needs to 
be considered in calculating the axial load capacity of unreinforced and FRP bar 
reinforced CFFT specimens. 
 Section Analysis of Circular Specimens 9.6
Analytical axial load bending moment ( MP − ) interactions of CT, GT, CTCR and 
GTGR groups were constructed using Samaan et al. (1998) and Lam and Teng (2003) 
stress-strain models for FRP confined concrete. Analytical MP −  interactions of REF 
group were constructed using axial stress-axial strain curve of concrete proposed by 
Popovics (1973). The equivalent rectangular stress block method and the layer-by-layer 
numerical integration method were used to analyse circular specimen cross-sections. 
ccf '
ccf '
cof ccf '
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The axial load capacity of CT, GT, CTCR and GTGR groups under concentric axial 
load was calculated using Equation (9.22), whereas the axial load capacity of REF 
group under concentric axial load was calculated using Equation (9.23). 
 FRPfuFRPgccn AfAAfP α+−= )('85.0  (9.22) 
 
sysgcon AfAAfP +−= )(85.0  (9.23) 
where gA  is the gross sectional area of concrete, FRPA  is the area of FRP bars, sA  is 
the area of steel bars, α  is reduction factor to account for lower compressive strength of 
FRP bars than tensile strength of FRP bars and fuf  is ultimate tensile strength of 
GFRP bar. The axial load and bending moment capacities of CT, GT, CTCR, GTGR 
and REF groups under 25 mm and 50 mm eccentric axial loads and four-point load were 
calculated using the equivalent rectangular stress block method and layer-by-layer 
numerical integration methods to analyse circular specimen cross-sections. In analysing 
the circular specimen cross-section, it was assumed that plane sections remain plane 
after bending, tensile strength of concrete is negligible, strain distribution within the 
circular cross-section of specimen is linear and full composite action between FRP tube 
and confined concrete is developed. The details of these methods of analysing circular 
sections are discussed below. 
 Equivalent Rectangular Stress Block Method 9.6.1
In the equivalent rectangular stress block method (hereafter, referred as stress block 
method), a uniform stress distribution instead of nonlinear stress distribution above the 
neutral axis was considered to estimate the strength of concrete cross-section. An 
equivalent rectangular stress block of width ( cof2α ) and depth ( Ndγ ) was assumed to 
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act over the confined concrete area ( ccA ). The equivalent stress block parameters, 2α
was calculated using Equation (9.24) and γ   was calculated using Equation (9.25). 
 
cof003.012 −=α , 85.067.0 2 ≤≤ α  (9.24) 
 
cof007.005.1 −=γ , 85.067.0 ≤≤ γ  (9.25) 
 
Figure 9.17  Circular specimen cross-section 
The stress block method deals with rectangular sections, however stress block method is 
applicable to circular sections using the limiting concrete crushing strain criterion          
( 003.0=cuε ) with sufficient accuracy for practical purposes. In this study, the effective 
circular confined concrete area ( ccA ) of the equivalent rectangular stress block of width 
( ob ), diameter ( oD ) and angle subtended at the centre of circle (α ) (Figure 9.17) was 
calculated as given in Equations (9.26 – 9.28): 
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 )(
8
2
αα Sin
D
A occ −=  (9.28) 
The resultant concrete compressive force ( cC ) acting at a centroid of compression 
segment was calculated using Equation (9.29) and the point of application of cC  at a 
distance ( 'y ) from the centre of circular section was calculated using Equation (9.30). 
 cccc AfC '2α=  (9.29) 
 
( )






=
12
2sin'
33 α
cA
Dy  (9.30) 
where ccf '  is the FRP confined concrete strength in CFFT specimens and is equivalent 
to cof  in REF specimens.  
The resultant force in FRP tube in CFFT groups was calculated based on the equivalent 
stress and strain distribution (Figure 9.18). The contribution of FRP tube in resisting 
load under compression was ignored as FRPs are weaker in compression than in 
tension. The resultant force in FRP tube is equivalent to the tensile force in FRP tube     
( tubeT ) and was calculated as given in Equation (9.31): 
 
)(
2
1
NFRPFRPbottube dDtET −= ε  (9.31) 
where botε  is the strain in FRP tube under tension and was calculated as a function of 
FRP confined concrete strain ( cuε ) as given in Equation (9.32): 
 
N
FRPN
cubot d
tDd )2( +−
= εε  (9.32) 
where Nd  is the depth of neutral axis of section. The moment ( M ) produced by the 
resultant concrete compressive force ( cC ) and tensile force in FRP tube ( tubeT ) about the 
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centroid of the circular cross-section in CFFT groups was calculated using Equation 
(9.33).  
 





 ++=
36
' Notubec
dD
TyCM  (9.33) 
For REF group, Equation (9.33) was reduced to 'yCM c= . 
 
Figure 9.18 Stress and strain profile for computing MP −  interactions of CT and GT 
groups using the equivalent rectangular stress block method 
The reinforcing bars in CTCR, GTGR and REF groups were placed in four layers at 
distance id  from the top extreme compressive fibre (Figure 9.19). The strain in each 
CFRP and GFRP bars was calculated using Equation (9.34) and strain in each steel bar 
was calculated using Equation (9.35). 
 
N
iN
cui d
dd −
= εε  (9.34) 
 
N
iN
i d
dd −
= 003.0ε  (9.35) 
The stress ( FRPf ) in each CFRP and GFRP bars was calculated using Equation (9.36) 
and stress ( sif ) in each steel bar was calculated using Equation (9.37).  
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 fuibarFRP fEf ≤= ε  (9.36) 
 yissi fEf ≤= ε  (9.37) 
The force ( FRPF ) in each CFRP and GFRP bars was calculated using Equation (9.38) 
and force ( siF ) in each steel bar was calculated using Equation (9.39). 
 FRPFRPFRP AfF =  (9.38) 
 
FRPsisi AfF =  (9.39) 
 
Figure 9.19 Stress and strain profile for computing MP −  interactions of CTCR, 
GTGR and REF groups using the equivalent rectangular stress block method 
The moment ( FRPM ) produced by CFRP and GFRP bars about the centroid of the 
circular CFFT cross-section was calculated using Equation (9.40), whereas the moment   
( SteelM ) produced by steel bars about the centroid of the circular REF cross-section was 
calculated using Equation (9.41). 
 
)
2
( i
o
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D
FM −= ∑  (9.40) 
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 Layer-by-layer Numerical Integration Method 9.6.2
In layer-by-layer numerical integration method the circular specimen cross-section was 
assumed to consist of n  layers of unit height (Figure 9.20). In CFFT (CT, GT, CTCR 
and GTGR) groups, the strain ( cε ) at mid-height of each layer was calculated in terms 
of ultimate FRP confined concrete strain ( cuε ) (Equation 9.42): 
 
N
N
cuc d
nd 




 −−
= 2
11*
εε  (9.42) 
where Nd  is depth of neutral axis. In steel RC (REF) group, strain ( cε ) at mid-height of 
each layer was also calculated using Equation (9.42) by substituting ultimate FRP 
confined concrete strain ( cuε ) with concrete crushing strain of 0.003.  
In CFFT groups, the axial stress ( cf ) at mid-height of each layer corresponding to axial 
strain ( cε ) was calculated with either Samaan et al. (1998) or Lam and Teng (2003) 
stress-strain models for FRP confined concrete. In REF groups, the axial stress ( cf ) at 
mid-height of each layer corresponding to axial strain ( cε ) was calculated with axial 
stress-axial strain curve of concrete proposed by Popovics (1973). In CFFT groups, the 
forces in concrete ( ciF ) and FRP tube ( tiF ) at mid-height of each layer were calculated 
using Equations (9.43) and (9.44), respectively. 
 
icci AfF =  (9.43) 
 )( iocFRPti AAEF −= ε  (9.44) 
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where iA  is area of layer and is average width by unit height of layer. In REF groups, 
only ciF  at mid-height of each layer was calculated (Equation 9.43). In CFFT groups, 
the moment ( TiM ) at mid-height of each layer was calculated using Equation (9.45). 
 











 −−+=
2
11*
2
*)( nDFFM oTiciTi  (9.45) 
 
Figure 9.20 Stress and strain profile for computing MP −  interactions of CT and GT 
groups using the layer-by-layer numerical integration method 
The reinforcing bars in CTCR, GTGR and REF groups were placed in four layers at 
distance id  from the top extreme compressive fibre (Figure 9.21). The strain in each 
CFRP and GFRP bars was calculated using Equation (9.34) and strain in each steel bar 
was calculated using Equation (9.35). The stress ( FRPf ) in each CFRP and GFRP bars 
was calculated using Equation (9.36) and stress ( sif ) in each steel bar was calculated 
using Equation (9.37). The force ( FRPF ) in each CFRP and GFRP bars was calculated 
using Equation (9.38) and force ( siF ) in each steel bar was calculated using Equation 
(9.39).  
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In the equivalent rectangular stress block and layer-by-layer numerical integration 
methods, the strains, stresses, forces and moments produced by concrete and FRP, and 
concrete and steel and Nd were calculated based on strain compatibility and equilibrium 
of forces using excel program. 
 
Figure 9.21 Stress and strain profile for computing MP −  interactions of CTCR, 
GTGR and REF groups using the layer-by-layer numerical integration method 
 Comparison of Experimental and Analytical Axial Load Bending Moment 9.7
Interactions 
 Experimental Axial Load Bending Moment Interactions 9.7.1
The experimental axial load-bending moment ( MP − ) interactions of CT, GT, CTCR, 
GTGR and REF groups were constructed using peak axial loads and bending moments 
corresponding to lateral deformations at peak axial loads of specimens tested under 
concentric axial load, 25 mm eccentric axial load, 50 mm eccentric axial load and four-
point load (Figure 9.22 and Figure 9.23). The bending moment ( M ) at peak axial load 
of Specimens was calculated considering both the primary and secondary moments. The 
primary moment ( IM ) was due to the applied load eccentricity ( e ) while the secondary 
moment ( IIM ) was due to lateral deformations (δ ) corresponding to peak axial load. 
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The corresponding bending moment ( M ) of specimens tested under concentric and 
eccentric axial loads was calculated using Equation (9.46): 
 δPPeMMM III +=+=  (9.46) 
where P  is the applied axial load. The bending moment ( M ) of specimens tested under 
four-point load was calculated using Equation (9.47): 
 
6
PLM =  (9.47) 
where P  is the applied four-point load and L  is the span length of test specimen. In this 
study the span length was 705 mm. 
In constructing the experimental MP −  interactions for CT, GT, CTCR and GTGR 
groups, peak axial loads and bending moments corresponding to lateral deformations at 
peak axial load were selected under different load conditions. This is because FRPs are 
linear elastic until rupture. This approach of constructing experimental MP −
interactions for FRPs is similar to the approach adopted by Yazici and Hadi (2009), 
Hadi and Zhao (2011), Hadi and Widiarsa (2012) and Hadi et al. (2013) for different 
types of FRP confinements for RC members. The peak axial load corresponds to the 
largest value of load resisted by the specimen before the rupture of FRP tube. In 
constructing the experimental MP −  for REF group, the peak axial load was assumed 
to be the load at the first peak of axial load-deformation curve corresponding to the 
cover spalling of steel RC specimens.  
The experimental MP −  interactions of GT and REF groups are presented in Figure 
9.22. Specimen GT-0 carried 23.2% larger axial load than Specimen REF-0. Specimen 
GT-25 carried 3.2% smaller axial load than Specimen REF-25 and Specimen GT-50 
carried 12% smaller axial load than Specimen REF-50. Specimen GT-25 exhibited 
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5.6% larger bending moment than Specimen REF-25. Specimen GT-50 exhibited 13.3% 
smaller bending moment than Specimen REF-50. Specimen GT-B exhibited 48.9% 
smaller bending moment than Specimen REF-B. The larger reduction in axial loads and 
bending moments of GT group than REF group is attributed to lower modulus of 
elasticity of GFRP tube than steel. 
 
Figure 9.22 Experimental axial load bending moment interactions of REF, CT and GT 
groups 
The experimental MP −  interactions of CT and REF groups are also presented in 
Figure 9.22. Specimen CT-0 carried 15.8% larger axial load than Specimen REF-0. 
Specimen CT-25 carried 15% smaller axial load than Specimen REF-25 and Specimen 
CT-50 carried 17.7% smaller axial load than Specimen REF-50. Specimen CT-25 
exhibited 10.8% smaller bending moment than Specimen REF-25 and Specimen CT-50 
exhibited 16.8% smaller bending moment than Specimen REF-50. Specimen CT-B 
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exhibited 59.3% smaller bending moment than Specimen REF-B. The larger reductions 
in axial loads and bending moments of CT group than REF group was because of lower 
modulus of elasticity of CFRP tube than steel. 
Specimen GT-0 carried 6.4% larger axial load than Specimen CT-0. Specimen GT-25 
carried 13.9% larger axial load than Specimen CT-25 and Specimen GT-50 carried 
7.0% larger axial load than Specimen CT-50. Specimen GT-25 exhibited 18.3% larger 
bending moment than Specimen CT-25 and Specimen GT-50 exhibited 4.2% larger 
bending moment than Specimen CT-50. Specimen GT-B exhibited 25.5% larger 
bending moment than Specimen CT-B. The CFRP and GFRP tubes consisted similar 
proportion of fibres and resin by volume. Also, the fibre orientation in both types of 
tubes was similar. The CFRP and GFRP tubes were selected to have similar confining 
capacity, however GFRP tubes exhibited larger confining capacity than CFRP tubes 
because of larger circumferential strains of GFRP tubes than CFRP tubes. 
Figure 9.23 shows the larger axial loads and bending moments of GTGR group than 
REF group. Specimen GTGR-0 carried 83.9% larger axial load than Specimen REF-0. 
Specimen GTGR-25 carried 67.5% larger axial load than Specimen REF-25 and 
Specimen GTGR-50 carried 53.2% larger axial load than Specimen REF-50. Specimen 
GTGR-25 exhibited 127.5% larger bending moment than Specimen REF-25 and 
Specimen GTGR-50 exhibited 100.9% larger bending moment than Specimen REF-50. 
Specimen GTGR-B exhibited 94.8% larger bending moment than Specimen REF-B. 
This is because of the greater confinement effectiveness of GFRP tube in confining the 
concrete than the steel helix which results in larger axial loads and corresponding lateral 
deformations and bending moments. Also, diameter of GFRP bar was larger than steel 
bar and GFRP bars were effective in carrying axial loads. 
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Figure 9.23 shows larger axial loads and bending moments of Specimens CTCR than 
Specimens REF. Specimen CTCR-0 carried 43.7% larger axial load than Specimen 
REF-0. Specimen CTCR-25 carried 33.1% larger axial load than Specimen REF-25 and 
Specimen CTCR-50 carried 12.1% larger axial load than Specimen CT-50. Specimen 
CTCR-25 exhibited 75.4% larger bending moment than Specimen REF-25 and 
Specimen CTCR-50 exhibited 45.6% larger bending moment than Specimen REF-50. 
This is attributed to the greater confinement effectiveness of CFRP tube than steel helix 
at peak axial load and also CFRP bars were effective in carrying axial load. Specimen 
CTCR-B exhibited 2.6% smaller bending moment than Specimen REF-B. This is 
attributed to the fact that smooth CFRP bars were slipped under four-point load 
resulting in smaller flexural load and corresponding bending moment. 
 
Figure 9.23 Experimental axial load bending moment interactions of REF, CTCR and 
GTGR groups 
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Specimen GTGR-0 carried 28.0% larger axial load than Specimen CTCR-0. Specimen 
GTGR-25 carried 25.8% peak axial load than Specimen CTCR-25 and Specimen 
GTGR-50 carried 36.6% larger axial load than Specimen CTCR-50. Specimen GTGR-
25 exhibited 29.5% larger bending moment than Specimen CTCR-25 and Specimen 
GTGR-50 exhibited 37.7% larger bending moment than Specimen CTCR-50. Specimen 
GTGR-B exhibited 100% larger bending moment than Specimen CTCR-B. The axial 
loads and bending moments of GTGR specimens were higher than those of CTCR 
specimens. This was due to the fact that GFRP bars have higher compressive and tensile 
strengths than CFRP bars. Moreover, sand coated GFRP bars have higher frictional 
resistance and better compatibility with concrete than the frictional resistance and 
compatibility between smooth CFRP bars. 
 Analytical P – M Interactions Constructed using Equivalent Rectangular 9.7.2
Stress Block Method 
The analytical axial load bending moment ( MP − ) interactions of CFFT groups were 
constructed using two well-known design codes for FRP confined concrete i.e. fib 
Bulletin 14 (2001) and ACI 440.2R-08 (ACI 2008), and Samaan et al. (1998) stress-
strain model for FRP confined concrete using the equivalent rectangular stress block 
method. The analytical MP − interaction of REF groups was constructed using axial 
stress-axial strain model of concrete proposed by Popovics (1973) using the equivalent 
rectangular stress block method. 
The analytical MP −  interaction of CT group constructed with fib Bulletin 14 (2001) 
matched well with the corresponding experimental MP −  interaction (Figure 9.24). 
Analytical axial loads of Specimens CT-0, CT-25 and CT-50 computed using fib 
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Bulletin 14 (2001) were 90.6%, 105.2% and 88.4%, respectively, of the experimental 
axial loads. Analytical bending moments of Specimens CT-25, CT-50 and CT-B 
computed using fib Bulletin 14 (2001) were 98.1%, 88.8% and 62.7%, respectively, of 
the experimental bending moments.  
The analytical MP −  interaction of CT group constructed with ACI 440.2R-08 (ACI 
2008) significantly underestimated the experimental MP −  interaction at concentric 
and eccentric axial loads and four-point load (Figure 9.24). Analytical axial loads of 
Specimens CT-0, CT-25 and CT-50 computed using ACI (2008) were 76.2%, 90.3% 
and 75.5%, respectively, of the experimental axial loads. Analytical bending moments 
of Specimens CT-25, CT-50 and CT-B computed using ACI (2008) were 84.6%, 76.0% 
and 60%, respectively, of the experimental bending moments. 
 
Figure 9.24 Analytical axial load bending moment interactions of CT group constructed 
using equivalent rectangular stress block method 
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The analytical MP −  interaction of CT group constructed with Samaan et al. (1998) 
model matched very well with the experimental MP −  interaction (Figure 9.24). 
Analytical axial loads of Specimens CT-0, CT-25 and CT-50 computed using Samaan et 
al. (1998) model were 81.5%, 95.7% and 74.6%, respectively, of the experimental axial 
loads. Analytical bending moments of Specimens CT-25, CT-50 and CT-B computed 
using Samaan et al. (1998) model were 96.7%, 79.9% and 84.5%, respectively, of the 
experimental bending moments. 
The analytical MP −  interaction of GT group constructed with fib Bulletin 14 (2001) 
overestimated the corresponding experimental MP −  interaction at concentric and 25 
mm eccentric axial load. However, the analytical MP −  interaction matched very well 
with the experimental MP −  interaction at 50 mm eccentric axial load and four-point 
load (Figure 9.25). Analytical axial loads of Specimens GT-0, GT-25 and GT-50 
computed using fib Bulletin 14 (2001) were 105.9%, 109.6% and 95.8%, respectively, 
of the experimental axial loads. Analytical bending moments of Specimens GT-25, GT-
50 and GT-B computed using fib Bulletin 14 (2001) were 103.2%, 99.8% and 67.4%, 
respectively, of the experimental bending moments.  
The analytical MP −  interaction of GT group constructed with ACI 440.2R-08 (ACI 
2008) underestimated the corresponding experimental MP −  interaction (Figure 9.25). 
Analytical axial loads of Specimens GT-0, GT-25 and GT-50 constructed using ACI 
(2008) were 87.3%, 87.1% and 73.6%, respectively, of the experimental axial loads. 
Analytical bending moments of Specimens GT-25, GT-50 and GT-B computed using 
ACI (2008) were 84.9%, 78.8% and 68.8%, respectively, of the experimental bending 
moments.  
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The analytical MP −  interaction of GT group constructed using Samaan et al. (1998) 
model matched well with the corresponding MP −  interaction (Figure 9.25). 
Analytical axial loads of Specimens GT-0, GT-25 and GT-50 computed using Samaan 
et al. (1998) model were 89.3%, 88.1% and 61.5%, respectively, of the experimental 
axial loads. Analytical bending moments of Specimens GT-25, GT-50 and GT-B 
computed using Samaan et al. (1998) model were 97.6%, 73.2% and 98.6%, 
respectively, of the experimental bending moments. 
 
Figure 9.25 Analytical axial load bending moment interactions of GT group constructed 
using equivalent rectangular stress block method 
The analytical MP −  interaction of CTCR group constructed using fib Bulletin 14 
(2001) underestimated the axial loads and bending moments of CTCR group at 25 mm 
and 50 mm eccentric axial loads (Figure 9.26). Analytical axial loads of Specimens 
CTCR-0, CTCR-25 and CTCR-50 computed using fib Bulletin 14 (2001) were 99.7%, 
82.8% and 111.1%, respectively, of the experimental axial loads. Analytical bending 
 
283 
 
moments of Specimens CTCR-25, CTCR-50 and CTCR-B computed using fib Bulletin 
14 (2001) were 60.5%, 85% and 116%, respectively, of the experimental bending 
moments. 
The analytical MP −  interaction of CTCR group constructed using ACI 440.2R-08 
(ACI 2008) significantly underestimated the experimental bending moments at 25 mm 
and 50 mm applied axial load eccentricity (Figure 9.26). The analytical axial loads of 
Specimens CTCR-0, CTCR-25 and CTCR-50 computed using ACI (2008) were 88.4%, 
73.2% and 100.2%, respectively of the experimental axial loads. The analytical bending 
moments of Specimens CTCR-25, CTCR-50 and CTCR-B computed using ACI (2008) 
were 53.6%, 76.7% and 113.7%, respectively, of the experimental bending moments.  
 
Figure 9.26 Analytical axial load bending moment interactions of CTCR group 
constructed using equivalent rectangular stress block method 
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The analytical MP −  interaction of CTCR group constructed using Samaan et al. 
(1998) model overestimated the experimental MP −  interaction at 50 mm eccentric 
axial load and four-point load (Figure 9.26). The analytical axial loads of Specimens 
CTCR-0, CTCR-25 and CTCR-50 computed using Samaan et al. (1998) model were 
96.3%, 111.2% and 141.4%, respectively, of the experimental axial loads. The 
analytical bending moments of Specimens CTCR-25, CTCR-50 and CTCR-B computed 
using Samaan et al. (1998) model were 87.2%, 108.5% and 120%, respectively, of the 
experimental bending moments. 
The analytical MP −  interaction of GTGR group constructed using fib Bulletin 14 
(2001) underestimated the experimental MP −  interaction at concentric and eccentric 
axial loads and four-point load (Figure 9.27). Analytical axial loads of Specimens 
GTGR-0, GTGR-25 and GTGR-50 computed using fib Bulletin 14 (2001) were 98.2%, 
86.5% and 97.2%, respectively, of the experimental axial loads. Analytical bending 
moments of Specimens GTGR-25, GTGR-50 and GTGR-B were 64.6%, 75.1% and 
83.5%, respectively, of the experimental bending moments.  
The analytical MP −  interaction of GTGR group constructed using ACI 440.2R-08 
(ACI 2008) significantly underestimated the experimental axial loads and bending 
moments of Specimens GTGR (Figure 9.27). Analytical axial loads of Specimens 
GTGR-0, GTGR-25 and GTGR-50 computed using ACI (2008) were 86.2%, 79.0% and 
90.8%, respectively, of the experimental axial loads. Analytical bending moments of 
Specimens GTGR-25, GTGR-50 and GTGR-B computed using ACI (2008) were 
60.5%, 71.4% and 83.7%, respectively, of the experimental bending moments.  
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The analytical MP −  interaction of GTGR group constructed using Samaan et al. 
(1998) matched well with the corresponding experimental MP −  interaction at 
concentric and eccentric axial loads and four-point load (Figure 9.27). Analytical axial 
loads of Specimens GTGR-0, GTGR-25 and GTGR-50 computed using Samaan et al. 
(1998) model were 87.5%, 101.3% and 118.1%, respectively, of the experimental axial 
loads. Analytical bending moments of Specimens GTGR-25, GTGR-50 and GTGR-B 
computed using Samaan et al. (1998) model were 86.2%, 99.8% and 88.6%, 
respectively, of the experimental bending moments. 
 
Figure 9.27 Analytical axial load bending moment interactions of GTGR group 
constructed using equivalent rectangular stress block method 
The analytical MP −  interactions of CFFT specimens constructed using fib Bulletin 
matched well with the corresponding experimental MP − interactions. This might be 
because fib Bulletin 14 (2001) uses Spoelstra and Monti (1999) model to analytically 
determine the stress-strain behaviour of FRP confined concrete. Spoelstra and Monti 
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(1999) model is an analysis oriented stress-strain model which uses incremental 
approach to incorporate the interaction between FRP confinement and concrete resulting 
in accurate predictions of axial loads and bending moments. The analytical MP −
interactions constructed using ACI (2008) model underestimated the corresponding 
experimental MP −  interactions. This is because ACI (2008) uses Lam and Teng 
(2003) model which limits the ultimate confined concrete strain to 0.01 resulting in 
conservative estimates of axial loads and bending moments. The analytical MP −
interactions constructed using Samaan et al. (1998) model matched very well with the 
corresponding experimental MP −  interactions. This is because the parameters of 
Samaan et al. (1998) model were validated using experimental results of FRP tube 
confined concrete. Hence, Samaan et al. (1998) model predict the experimental MP −
interactions more accurately than fib Bulletin 14 (2001) and ACI (2008) models. 
 
Figure 9.28 Analytical axial load bending moment interactions of REF group 
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For REF group, analytical MP −  interaction constructed using axial stress-axial strain 
curve of concrete proposed by Popovics (1973) matched well with the corresponding 
experimental MP −  interaction (Figure 9.28). For Specimens REF-0, REF-25 and 
REF-50, analytical axial loads were 93.1%, 90.5% and 87.4%, respectively, of the 
experimental axial loads. For Specimens REF-25, REF-50 and REF-B, analytical 
bending moments were 84.5%, 85.4% and 89.3%, respectively, of the experimental 
bending moments. The analytical results show that REF specimens can be accurately 
modelled as unconfined concrete specimen and this approach is consistent with the 
approach adopted by ACI 318M-2011 (ACI 2011) for design purposes. 
 Analytical P – M Interactions Constructed using Layer-by-layer Numerical 9.7.3
Integration Method 
The analytical axial load bending moment ( MP − ) interactions of CFFT groups were 
also constructed using two well-known stress-strain models for FRP confined concrete 
i.e. Samaan et al. (1998) and Lam and Teng (2003) model using the layer-by-layer 
numerical integration method. The analytical MP −  interaction of REF group was also 
constructed using axial stress-axial strain model of concrete proposed by Popovics 
(1973) using the layer-by-layer numerical integration method. 
The analytical MP −  interactions of CT group constructed using Samaan et al. (2003) 
and Lam and Teng (1998) stress-strain models matched very well with experimental
MP −  interaction at 25 and 50 mm eccentric axial loads and four-point load (Figure 
9.29). However, the analytical MP −  interactions constructed with Samaan et al. 
(1998) and Lam and Teng (2003) stress-strain models significantly underestimated the 
experimental axial load under concentric axial load.  
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For CT group, analytical axial loads of Specimens CT-0, CT-25 and CT-50 constructed 
using Samaan et al. (1998) model were 81.5%, 99.2% and 88.8%, respectively, of the 
experimental axial loads. Similarly, analytical bending moments of Specimens CT-25, 
CT-50 and CT-B computed using Samaan et al. (1998) model were 101.2%, 94.8% and 
100%, respectively, of the experimental bending moments. The analytical axial loads of 
Specimens CT-0, CT-25 and CT-50 computed using Lam and Teng (2003) model were 
77.1%, 100.5% and 88.1%, respectively, of the experimental axial loads. Similarly, the 
analytical bending moments of Specimens CT-25, CT-50 and CT-B computed using 
Lam and Teng (2003) model were 96.4%, 90.2% and 94.3%, respectively, of the 
experimental bending moments. 
 
Figure 9.29 Analytical axial load bending moment interactions of CT group constructed 
using layer-by-layer numerical integration method 
For GT group, analytical MP −  interaction constructed using Lam and Teng (2003) 
model showed a better match with the corresponding experimental MP −  interaction 
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than analytical MP −  interaction constructed using Samaan et al. (1998) model (Figure 
9.30). The analytical axial loads of Specimens GT-0, GT-25 and GT-50 computed using 
Samaan et al. (1998) model were 89.3%, 91.5% and 81.3%, respectively, of the 
experimental axial loads. The analytical bending moments of Specimens GT-25, GT-50 
and GT-B computed using Samaan et al. (1998) model were 103.4%, 96.8% and 
115.9%, respectively, of the experimental bending moments. The analytical axial loads 
of the Specimens GT-0, GT-25 and GT-50 computed using Lam and Teng (2003) 
model were 89.1%, 92.8% and 83.5%, respectively, of the experimental axial loads. The 
bending moments of the Specimens GT-25, GT-50 and GT-B computed using Lam and 
Teng (2003) model were 95.0%, 92.4% and 77%, respectively, of the experimental 
bending moment. 
 
Figure 9.30 Analytical axial load bending moment interactions of GT group constructed 
using layer-by-layer numerical integration method 
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The analytical MP −  interaction of CTCR group constructed using Samaan et al. 
(1998) model overestimated the experimental axial loads and bending moments at 25 
mm and 50 mm eccentric axial loads and four-point loads (Figure 9.31). Analytical 
axial loads for Specimens CTCR-0, CTCR-25 and CTCR-50 computed using Samaan et 
al. (1998) model were 92.6%, 113.3% and 133.4%, respectively, of the experimental 
axial loads. Analytical bending moments for Specimens CTCR-25, CTCR-50 and 
CTCR-B computed using Samaan et al. (1998) model were 89.3%, 107.0% and 
120.6%, respectively, of the experimental bending moments.  
 
Figure 9.31 Analytical axial load bending moment interactions of CTCR group 
constructed using layer-by-layer numerical integration method 
The analytical MP −  interaction of CTCR group constructed using Lam and Teng 
(2003) model underestimated the axial loads and bending moments at concentric and 
eccentric axial loads, however the bending moment at four-point load was 
overestimated (Figure 9.31). Analytical axial loads of Specimens CTCR-0, CTCR-25 
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and CTCR-50 computed using Lam and Teng (2003) model were 89.1%, 97.5% and 
123.6%, respectively, of the experimental axial loads. Analytical bending moments of 
Specimens CTCR-25, CTCR-50 and CTCR-B computed using Lam and Teng (2003) 
model were 73.2%, 96.3% and 122.1%, respectively, of the experimental bending 
moments. 
 
Figure 9.32 Analytical axial load bending moment interactions of GTGR group 
constructed using layer-by-layer numerical integration method 
The analytical MP −  interaction of GTGR group constructed using Samaan et al. 
(1998) model matched well with the corresponding experimental MP −  curve at 25 
mm and 50 mm eccentric axial loads and four-point load (Figure 9.32). The analytical 
axial loads of Specimens GTGR-0, GTGR-25 and GTGR-50 computed using Samaan et 
al. (1998) model were 87.5%, 102.5% and 116.7%, respectively, of the experimental 
axial loads. The analytical bending moments of Specimens GTGR-25, GTGR-50 and 
GTGR-B constructed using Samaan et al. (1998) model were 88.2%, 98.8% and 92.1%, 
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respectively, of the experimental bending moments. The analytical MP −  interactions 
constructed with Lam and Teng (2003) model underestimated the experimental axial 
loads and bending moments at concentric and eccentric axial loads and four-point load 
(Figure 9.32). Analytical axial loads of Specimens GTGR-0, GTGR-25 and GTGR-50 
computed using Lam and Teng (2003) model were 87.3%, 87.6% and 102.3%, 
respectively, of the experimental axial loads. Analytical bending moments of Specimens 
GTGR-25, GTGR-50 and GTGR-B computed using Lam and Teng (2003) model were 
69.8%, 82.4% and 87.8%, respectively, of the experimental bending moments. 
The analytical MP −  interactions of CFFT groups constructed using Samaan et al. 
(1998) and Lam and Teng (2003) stress-strain models underestimated the corresponding 
experimental MP −  interactions. This conservative estimate was because analytical 
axial loads and bending moments were analytically computed based on ultimate FRP 
confined concrete strain in compression. Moreover in eccentrically loaded FRP 
confined concrete specimens, the actual confined concrete strain may exceed the 
analytical FRP confined concrete strain in the most compressed regions. For CTCR and 
GTGR groups, analytical axial loads and bending moments calculated with Lam and 
Teng (2003) model were more conservative than those calculated with Samaan et al. 
(1998) model. This was because ultimate FRP confined concrete strain computed with 
Lam and Teng (2003) model was smaller than ultimate FRP confined concrete strain 
computed with Samaan et al. (1998) model. The smaller ultimate strains in FRP 
confined concrete resulted in smaller strains in FRP bars because of strain compatibility 
between FRP bars and FRP tube confined concrete. The smaller strains in FRP bars 
resulted in smaller stresses and corresponding smaller forces and moments in FRP bars. 
Hence, analytical axial loads and bending moments of CTCR and GTGR groups 
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predicted with Lam and Teng (2003) model were more conservative than those 
calculated with Samaan et al. (1998) model. 
 
Figure 9.33 Analytical axial load bending moment interaction of REF group using 
layer-by-layer numerical integration method 
For REF group, analytical MP −  interaction constructed using layer-by-layer 
numerical integration method with axial stress-axial strain curve of concrete proposed 
by Popovics (1973) matched very well with the corresponding experimental MP −
curve at concentric and eccentric axial loads and four-point load (Figure 9.33). For 
Specimens REF-0, REF-25 and REF-50, analytical axial loads computed using 
Popovics (1973) model were 93%, 97% and 93%, respectively, of the experimental 
axial loads. Similarly, for Specimens REF-25, REF-50 and REF-B, analytical bending 
moments computed using Popovics (1973) model were 90%, 90% and 92%, 
respectively, of the experimental bending moments. This showed that REF specimens 
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can be more accurately modelled using axial stress-axial strain curve of concrete 
proposed by Popovics (1973) model using layer-by-layer integration method. 
 Summary 9.8
In this Chapter, the analytical results of the pilot test program and the main 
experimental program were presented. The analytical results of the pilot test program 
were presented to discuss the analytical modelling of axial stress-axial strain curves of 
CFFT cylinders tested under concentric axial load. The first part of the analytical results 
of the main experimental program were presented to discuss the axial load-axial 
deformation curves of CFFT specimens tested under concentric axial load and also to 
propose an equation to calculate the axial load capacity of CFFT specimens tested under 
concentric axial load. The second part of the analytical results of the main experimental 
program were presented to discuss the axial load bending moment interactions of the 
CFFT specimens with and without reinforcing bars and steel RC specimens.  
Based on the analytical results presented in this study, the analytical axial stress-axial 
strain curves of CFFT cylinders and analytical axial load-axial deformation curves of 
CFFT specimens tested under concentric axial load can be accurately modelled using 
the available stress-strain models for FRP confined concrete.  The analytical axial load 
bending moment interactions of tested specimens can be more accurately modelled 
using the layer-by-layer numerical integration method than the equivalent rectangular 
stress block method. This chapter leads to the conclusions and recommendations 
chapter of the thesis. 
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10 CONCLUSIONS AND RECOMMENDATIONS 
 Conclusions of this Research Study 10.1
Analytical investigations were conducted to develop unified stress-strain models of 
circular Concrete Filled Fibre Tube (CFFT) columns. Based on predefined selection 
criteria, a database of 134 circular CFFT columns (with fibres oriented along the 
circumferential direction) was compiled to develop design oriented strength 
enhancement ratio model and strain enhancement ratio model. Also, a database of 
104 circular CFFT columns with fibres oriented in directions other than the 
circumferential direction was compiled. The two compiled databases of total of 238 
circular CFFT columns were used to develop Artificial Neural Network (ANN) 
strength enhancement ratio model and strain enhancement ratio model of circular 
CFFT columns as a function of actual confinement ratio, orientation of fibres, height 
to diameter ratio and unconfined concrete strain. 
Experimental investigations were conducted to explore the behaviour of CFFT 
columns with and without FRP reinforcing bars under concentric and eccentric axial 
loads and four point loads. Eight Concrete Filled Carbon FRP Tube (CFRP-CFFT) 
specimens with and without CFRP reinforcing bars and eight Concrete Filled Glass 
FRP Tube (GFRP-CFFT) specimens with and without GFRP reinforcing bars were 
tested to investigate the influence of FRP tube confinement and FRP bars on the 
load-deformation behaviour of the specimens under concentric and eccentric axial 
loads and four-point loads. Four conventional steel bar reinforced concrete (RC) 
specimens (REF) were also tested for comparison purposes. 
Analytical investigations were also conducted to construct the axial-flexural 
interactions of CFRP-CFFT specimens with and without CFRP reinforcing bars and 
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GFRP-CFFT specimens with and without GFRP reinforcing bars. In addition, 
analytical axial stress-axial strain curves of CFFT cylinders and axial load-axial 
deformation curves of CFFT specimens tested under concentric axial load were 
constructed. An equation to predict the axial load capacity of circular CFFT 
specimens with and without FRP reinforcing bars by taking into account effect of 
FRP tube confinement and reduced effectiveness of FRP bar at peak axial load was 
proposed. 
Based on analytical and experimental investigations carried out in this research 
study, the following conclusions are drawn: 
1. Design oriented models developed to predict the strength and strain 
enhancement ratios of circular CFFT columns (with fibres oriented along the 
circumferential direction) have smaller Average Absolute Error (AAE), Mean Square 
Error (MSE), Relative Standard Error of Estimate (RSEE) and Standard Deviation 
(SD) than available strength and strain enhancement ratio models that are mainly 
developed for FRP confined concrete columns. The AAE, MSE, RSEE and SD of the 
proposed strength enhancement ratio model are 11.4%, 2.2%, 13.3% and 14.6%, 
respectively. The AAE, MSE, RSEE and SD of the proposed strain enhancement 
ratio model are 21.8%, 9.0%, 25.2% and 29.8%, respectively. 
2. The ANN (Purelin and Tansig) strength and strain enhancement ratio models 
were developed to predict the strength and strain enhancement ratios of circular 
CFFT columns (with fibres oriented in any direction). The AAE, MSE, RSEE and 
SD of the Tansig strength enhancement ratio model is 2.1%, 0.5%, 2.1% and 2.1%, 
respectively, smaller than the Purelin strength enhancement ratio model. Similarly, 
the AAE, MSE, RSEE and SD of the Tansig strain enhancement ratio model is 
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11.7%, 17.2%, 7.5% and 22.9%, respectively, smaller than the Purelin strain 
enhancement ratio model. 
3. The compiled databases of circular CFFT columns can serve as unified 
frameworks for future reference. The developed design oriented models provide 
improved predictions of the strength and strain enhancement ratios of circular CFFT 
columns with fibres oriented in the circumferential direction. The developed ANN 
strength and strain enhancement ratio models of circular CFFT columns are the first 
of their kind to predict the strength and strain enhancement ratio models as a function 
of actual confinement ratio, orientation of fibres, height to diameter ratio and 
unconfined concrete strain.  
4. The modified test methods adopted in this research study for tension and 
compression testing of 15.9 mm diameter GFRP bar and 15 mm diameter CFRP bar 
were successful and could be adopted for testing of other diameters of GFRP and 
CFRP bars.  
5. The 15.9 mm diameter GFRP bar exhibited higher ultimate stress-strain in 
both tension and compression than 15 mm diameter CFRP bar. The ultimate 
strengths in compression of GFRP bar and CFRP bar were 39.4% and 48.5% smaller 
than the respective ultimate strengths in tension. The modulus of elasticity in 
compression of GFRP bar and CFRP bar were 25% and 44.9% smaller than the 
respective modulus of elasticity in tension.   
6. The CFFT specimens without FRP reinforcing bars (CT and GT) exhibited 
higher axial loads than REF specimens tested under concentric axial loads. CT and 
GT specimens carried smaller axial loads than REF specimens tested under 25 mm 
and 50 mm eccentric axial loads. The FRP bar reinforced CFFT (CTCR and GTGR) 
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specimens carried higher average axial loads than REF specimens tested under 
concentric and eccentric axial loads. The CFFT specimens (CT, GT, CTCR and 
GTGR) exhibited larger decrease in peak axial load than REF specimens with an 
increase in the applied axial load eccentricity from 0 to 50 mm. 
7.  The CFFT specimens (CT, GT, CTCR and GTGR) exhibited higher average 
ductility than REF specimens under applied axial load eccentricity of 0 mm, 25 mm 
and 50 mm. The reduction in ductility in REF specimens was smaller than the 
reduction in ductility of CT and GT specimens. However, reduction in ductility of 
REF specimens was larger than the reduction in ductility in CTCR and GTGR 
specimens with the increase in the applied axial load eccentricity from 0 to 50 mm. 
8. Unreinforced CFFT (CT-B and GT-B) specimens exhibited lower flexural 
loads and midspan deflections than Specimen REF-B. The FRP bar reinforced CFFT 
(CTCR-B and GTGR-B) specimens exhibited higher ultimate midspan deflections 
than Specimen REF-B. Specimen GTGR-B carried higher flexural load than 
Specimen REF-B. Specimen CTCR-B exhibited lower flexural load than Specimen 
REF-B due to slippage of CFRP bars. 
9. The analytical axial stress-axial strain curves of CFRP-CFFT and GFRP-
CFFT cylinders and axial load-axial deformation curves of CFRP-CFFT and GFRP-
CFFT specimens tested under concentric axial load constructed using Samaan et al. 
(1998) stress-stain model matched well with the corresponding experimental curves.  
10. The results of a proposed equation to calculate the axial load capacity of 
unreinforced and FRP bar reinforced CFFT specimens tested under concentric axial 
load matched well with the experimental results. 
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11. The GTGR and CTCR specimens exhibited larger experimental axial load 
bending moment ( MP − ) interactions than CT, GT, and REF specimens. The 
MP −  interactions of CT and GT specimens were similar to the MP −  interactions 
of REF specimens. 
12. The Analytical MP −  interactions of CFFT (CT, GT, CTCR and GTGR) 
specimens constructed using the equivalent rectangular stress block method in fib 
Bulletin 14 (2001) and ACI 440.2R-08 (ACI 2008) underestimated the experimental 
MP −  interactions. The analytical MP −  interactions constructed based on the 
equivalent rectangular stress block method in fib bulletin 14 (2001) were closer to the 
experimental MP −  interactions than those constructed based on the equivalent 
rectangular stress block method in ACI 440.2R-08 (2008). 
13. The analytical MP −  interactions of CFFT (CT, GT, CTCR and GTGR) 
specimens constructed using layer-by-layer numerical integration method adopting 
Samaan et al. (1998) and Lam and Teng (2003) stress-strain models underestimated 
the experimental MP −  interactions resulting in conservative estimates. The 
analytical MP −  interactions constructed adopting Samaan et al. (1998) model were 
closer to the experimental MP −  interactions than those obtained by adopting Lam 
and Teng (2003) model.  
14. The analytical MP −  interaction of REF specimens constructed using the 
layer-by-layer numerical integration method was closer to the experimental MP −  
interaction than the analytical MP −  interaction constructed using the equivalent 
rectangular stress block method.     
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15. The layer-by-layer numerical integration method adopted in this research 
study can be used to accurately compute the axial loads and bending moments of 
CFFT and REF specimens. 
16. The FRP bar reinforced CFFT specimens can serve as an alternative of steel 
RC specimens under different eccentric axial loads in structural applications for 
which corrosion of steel reinforcement is a concern. The CFFT specimens without 
FRP reinforcing bars can serve as an alternative of steel RC specimens under 
concentric axial load. 
10.2. Recommendations for the Future Studies 
The recommendations for the future studies are as follows: 
1. The behaviour of CFRP-CFFT columns with and without CFRP reinforcing 
bars and GFRP-CFFT columns with and without GFRP reinforcing bars under 
dynamic loads should be investigated to assess seismic performance of the CFFT 
columns. 
2. The effect of high strength concrete should be investigated by testing high 
strength CFFT columns with and without FRP reinforcing bars under different 
eccentric axial loads. 
3. FRP orientation direction may be an interesting study under four-point load. 
4. The effect of other type of FRP reinforcement such as Aramid FRP (AFRP) 
reinforcement should be investigated by testing Concrete Filled AFRP Tube (AFRP-
CFFT) columns with and without reinforcing AFRP bars under different eccentric 
axial loads. 
5. The methodology to test AFRP bars in compression and tension needs to be 
investigated. 
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APPENDIX A DATABASE OF CFFT UNDER CONCENTRIC AXIAL LOAD 
Appendix A consists of compiled experimental investigation results of circular 
Concrete Filled FRP Tube (CFFT) columns tested under concentric axial load. The 
database is split into two databases named as A1 and A2. In the database A1 
experimental investigation results of circular CFFT columns tested under concentric 
axial load having strength enhancement ratios less than 1.0 were compiled. In the 
database A2 experimental investigation results of circular CFFT columns tested 
under concentric axial load with incomplete data (information about either fibre or 
FRP properties not provided) were compiled. The database A1 and database A2 are 
presented in this Appendix. 
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Table A1:  Circular CFFT columns tested under concentric axial load having strength enhancement ratios less than 1.0 (Database 1A) 
Study 
Column 
geometric 
properties 
Concrete 
Properties 
Fibre Properties FRP properties 
Strength and 
ductility 
capacity 
D  
(mm) 
DH
 
cof  
(MPa) 
coε  
(%) 
fE  
(GPa) 
fuf  
(MPa) 
fuε  
(%) 
ft  θ  rup
ε  
(%) co
al
f
f ,   εk  
co
cc
f
f '
 
co
cu
ε
ε
 
Mastrapa 
(1997) 
153 2 29.8 - 55.85 1800 3.22 0.33 - 1.1 0.09 0.34 0.90 - 
Mirmiran et 
al. (1998c) 
152.5 305 44.8 0.2 55.85 1800 3.22 1.45 75 0.9 0.21 0.3 0.95 4 
152.5 305 29.8 0.2 69.64 1800 2.58 0.3 75 2.3 0.21 0.89 0.87 11.5 
152.5 305 29.8 0.2 69.64 1800 2.58 0.3 75 1.6 0.15 0.62 0.96 10 
152.5 305 29.8 0.2 69.64 1800 2.58 0.3 75 1.8 0.17 0.70 0.98 5 
152.5 305 29.8 0.2 69.64 1800 2.58 0.3 75 1.1 0.10 0.43 0.90 7.5 
Fam and 
Rizkalla 
(2001b) 
168 2 58 0.2 - - - - 86 0.5 - - 0.82 6.5 
219 2 58 0.2 - - - - 88 - - - 0.91 3.5 
Idris and 
Ozbakkalo
glu (2013) 
150 8 95 - 116 2900 2.5 0.2 90 2.1 0.2 0.84 0.42 - 
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Table A1 (Contd.) 
Vincent  
and 
Ozbakkal
oglu 
(2013a) 
152 2 37.3 0.21 240 3800 1.58 0.12 88 1.26 0.12 0.80 0.79 5.71 
152 2 34.6 0.2 240 3800 1.58 0.12 88 0.86 0.09 0.54 0.66 3.85 
152 2 59 0.26 240 3800 1.58 0.12 88 0.97 0.06 0.61 0.72 3.46 
152 2 59 0.26 240 3800 1.58 0.12 88 1.26 0.08 0.80 0.56 4.15 
152 2 59 0.26 240 3800 1.58 0.12 88 1.07 0.07 0.68 0.61 3.96 
152 2 62 0.26 240 3800 1.58 0.23 88 1.26 0.15 0.80 0.84 3.96 
152 2 59 0.26 240 3800 1.58 0.23 88 1.37 0.17 0.87 0.95 4.38 
152 2 92 0.32 240 3800 1.58 0.12 88 0.94 0.04 0.60 0.45 2.44 
152 2 85.6 0.31 240 3800 1.58 0.12 88 0.76 0.03 0.48 0.45 2.19 
152 2 92 0.32 240 3800 1.58 0.12 88 - - - - - 
152 2 93.1 0.33 240 3800 1.58 0.23 88 1.05 0.08 0.66 0.75 2.79 
152 2 83.1 0.31 240 3800 1.58 0.23 88 0.97 0.09 0.61 0.79 2.97 
 
 
314 
 
Table A1 (Contd.) 
Vincent 
and 
Ozbakkal
oglu 
(2013a) 
152 2 80.4 0.3 240 3800 1.58 0.23 88 0.79 0.07 0.499 0.46 1.67 
152 2 92.7 0.32 240 3800 1.58 0.35 88 0.85 0.1 0.537 0.81 2.34 
152 2 94.7 0.33 240 3800 1.58 0.35 88 0.93 0.11 0.587 0.89 2.61 
152 2 90.1 0.32 240 3800 1.58 0.35 88 0.96 0.12 0.606 0.82 2.63 
152 2 93 0.33 240 3800 1.58 0.47 88 0.72 0.11 0.455 0.92 2.15 
152 2 100 0.34 240 3800 1.58 0.47 88 1.1 0.16 0.695 0.93 2.62 
152 2 87 0.31 240 3800 1.58 0.59 88 0.7 0.15 0.442 0.83 2.23 
Ozbakkal
oglu and 
Vincent 
(2013b) 
150 2 59 0.26 240 3800 1.58 0.12 88 0.89 0.06 0.56 0.77 2.77 
150 2 59 0.26 240 3800 1.58 0.12 88 1.08 0.07 0.68 0.66 2.15 
150 2 59 0.26 240 3800 1.58 0.12 88 1.03 0.07 0.65 0.73 2.35 
75 2 83.1 0.31 240 3800 1.58 0.12 88 0.62 0.06 0.39 0.94 2.26 
100 2 110.1 0.35 116 2900 2.5 0.8 88 - - - 1.81 - 
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Table A1 (Contd.) 
Ozbakkal
oglu and 
Vincent 
(2013b) 
150 2 92.7 0.32 240 3800 1.58 0.35 88 0.75 0.09 0.47 0.91 2.53 
150 2 90.1 0.32 240 3800 1.58 0.35 88 0.84 0.1 0.53 0.96 2.56 
150 2 100 0.34 240 3800 1.58 0.47 88 0.88 0.13 0.56 0.90 2.82 
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Table A2: Circular CFFT columns tested under concentric axial load having incomplete data (Database A2) 
Study 
Column 
geometric 
properties 
Concrete 
Properties 
Fibre Properties FRP properties 
Strength and 
ductility 
capacity 
D  
(mm) 
DH
 
cof  
(MPa) 
coε  
(%) 
fE  
(GPa) 
fuf  
(MPa) 
fuε  
(%) 
ft  θ  rup
ε  
(%) co
al
f
f ,   εk  
co
cc
f
f '
 
co
cu
ε
ε
 
Lillistone 
and Jolly 
(1997) 
59.86 2 21.4 0.2 75.6 3400 4.5 - 75.1 1.25 - 0.28 7.40 22.3 
59.86 2 27.2 0.2 75.6 3400 4.5 - 75.1 1.16 - 0.26 5.44 20.3 
79.85 2 23.4 0.2 75.6 3400 4.5 - 78.1 1.63 - 0.36 7.57 24.4 
79.85 2 35.2 0.2 75.6 3400 4.5 - 78.1 1.57 - 0.35 5.30 28.5 
79.89 2 22.6 0.2 75.6 3400 4.5 - 57.8 4.98 - 1.11 5.06 39.2 
79.89 2 32.8 0.2 75.6 3400 4.5 - 57.8 3.08 - 0.68 4.71 28.0 
79.89 2 29.6 0.2 75.6 3400 4.5 - 43.4 1.21 - 0.27 1.68 9.5 
79.89 2 31.3 0.2 75.6 3400 4.5 - 43.4 1.47 - 0.33 1.49 5.7 
99.97 2 19.7 0.2 75.6 3400 4.5 - 80.4 1.29 - 0.29 6.30 18.9 
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Table A2: (Contd.) 
Lillistone 
and Jolly 
(1997) 
99.97 2 36.4 0.2 75.6 3400 4.5 - 80.4 1.23 - 0.27 3.95 15.9 
100.02 2 28.2 0.2 75.6 3400 4.5 - 71.4 3.42 - 0.76 4.13 27.1 
100.02 2 25.6 0.2 75.6 3400 4.5 - 71.4 3.37 - 0.75 4.08 10.1 
100.03 2 31.2 0.2 75.6 3400 4.5 - 49.9 - - - 1.87 - 
100.03 2 24.7 0.2 75.6 3400 4.5 - 49.9 - - - 2.14 - 
300.10 2 24.2 0.2 75.6 3400 4.5 - 86.8 1.4 - 0.31 3.49 12.9 
300.10 2 34.8 0.2 75.6 3400 4.5 - 86.8 1.32 - 0.29 2.46 10.7 
399.88 2 24.7 0.2 75.6 3400 4.5 - 87.6 1.15 - 0.26 3.27 12.1 
399.88 2 36.4 0.2 75.6 3400 4.5 - 87.6 0.97 - 0.22 2.13 9.7 
Mastrapa 
(1997) 
153 2 31.2 - 55.85 1800 3.22 0.99 - 2.25 0.52 0.70 2.02 - 
153 2 31.2 - 55.85 1800 3.22 0.99 - 2.22 0.51 0.69 2.10 - 
153 2 31.2 - 55.85 1800 3.22 1.65 - 1.97 0.76 0.61 2.95 - 
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Table A2: (Contd.) 
Mastrapa 
(1997) 
153 2 31.2 - 55.85 1800 3.22 1.65 - 1.75 0.68 0.54 2.85 - 
153 2 37.2 - 55.85 1800 3.22 2.31 - - - - 3.01 - 
153 2 37.2 - 55.85 1800 3.22 2.31 - - - - 2.96 - 
 
Jolly and 
Lillistone 
(1998b) 
60 2 21.5 0.2 75.9 3448 4.54 - 75.5 1.25 0.28 0.28 7.34 22.3 
60 2 27.2 0.2 75.9 3448 4.54 - 75.5 1.16 0.26 0.26 5.44 20.3 
80 2 23.4 0.2 75.9 3448 4.54 - 78.1 1.63 0.36 0.36 7.57 22.1 
80 2 35.2 0.2 75.9 3448 4.54 - 78.1 1.57 0.35 0.35 5.3 23.4 
80 2 22.6 0.2 75.9 3448 4.54 - 57.8 4.98 1.1 1.1 5.06 40.1 
80 2 32.8 0.2 75.9 3448 4.54 - 57.8 3.08 0.68 0.68 4.71 27.5 
80 2 29.5 0.2 75.9 3448 4.54 - 43.4 1.21 0.27 0.27 1.68 5.5 
80 2 31.3 0.2 75.9 3448 4.54 - 43.4 1.46 0.32 0.32 1.49 5.7 
100 2 19.7 0.2 75.9 3448 4.54 - 80.4 1.3 0.29 0.29 6.3 19.2 
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Table A2: (Contd.) 
Jolly and 
Lillistone 
(1998b) 
100 2 36.2 0.2 75.9 3448 4.54 - 80.4 1.23 0.27 0.27 3.98 15.9 
100 2 25.6 0.2 75.9 3448 4.54 - 71.4 3.42 0.75 0.75 4.08 25.8 
100 2 28.2 0.2 75.9 3448 4.54 - 71.4 3.28 0.72 0.72 4.13 26.8 
100 2 24.6 0.2 75.9 3448 4.54 - 49.9 9.22 2.03 2.03 2.14 45.8 
100 2 31.2 0.2 75.9 3448 4.54 - 49.9 10.42 2.29 2.29 1.87 51.5 
125 2 29.2 0.2 75.9 3448 4.54 - 82.3 1.41 0.31 0.31 4.08 19.3 
125 2 37.5 0.2 75.9 3448 4.54 - 82.3 1.28 0.28 0.28 3.17 17.0 
150 2 27.4 0.2 75.9 3448 4.54 - 83.6 1.36 0.3 0.3 3.77 18.6 
150 2 46.3 0.2 75.9 3448 4.54 - 83.6 1.28 0.28 0.28 2.37 12.5 
150 2 32.7 0.2 75.9 3448 4.54 - 71.3 1.42 0.31 0.31 2.03 12.2 
150 2 31.7 0.2 75.9 3448 4.54 - 71.3 2.04 0.45 0.45 2.47 17.0 
150 2 27.6 0.2 75.9 3448 4.54 - 48 1.94 0.43 0.43 1.12 10.0 
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Table A2: (Contd.) 
Jolly and 
Lillistone 
(1998b) 
150 2 44.7 0.2 75.9 3448 4.54 - 48 1.18 0.26 0.26 1.01 4.9 
300 2 24.2 0.2 75.9 3448 4.54 - 86.8 1.34 0.29 0.29 3.51 16.1 
300 2 34.8 0.2 75.9 3448 4.54 - 86.8 1.32 0.29 0.29 2.47 11.2 
400 2 24.7 0.2 75.9 3448 4.54 - 87.6 1.42 0.31 0.31 3.27 16.1 
400 2 36.5 0.2 75.9 3448 4.54 - 87.6 1.25 0.28 0.28 2.12 11 
Tegola  
and Manni 
(1999) 
150 2 25.6 - 25.25 652 2.58 3.34 - - - - 2.77 - 
150 2 25.6 - 25.25 652 2.58 3.34 - - - - 2.79 - 
150 2 25.6 - 25.25 652 2.58 3.34 - - - - 2.92 - 
150 2 25.6 - 25.25 652 2.58 3.34 - - - - 3.09 - 
150 2 25.6 - 25.25 652 2.58 3.34 - - - - 3.18 - 
150 2 25.6 - 25.25 652 2.58 3.34 - - - - 3.03 - 
150 2 25.6 - 25.25 652 2.58 3.34 - - - - 3.51 - 
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Table A2: (Contd.) 
Tegola 
and 
Manni 
(1999) 
150 2 25.6 - 25.45 670 2.63 5.03 - - - - 3.85 - 
150 2 25.6 - 25.45 670 2.63 5.03 - - - - 4.31 - 
150 2 25.6 - 25.45 670 2.63 5.03 - - - - 4.11 - 
Fam and 
Rizkalla 
(2001b) 
168 2 58 0.2 - - - - 86 1.4 - - 1.76 7.0 
168 2 58 0.2 - - - - 86 1.2 - - 1.09 4.0 
219 2 58 0.2 - - - - 88 - - - 1.17 5.5 
219 2 58 0.2 - - - - 88 - - - 1.02 4.5 
100 2 37 0.2 - - - - 87 1.7 - - 2.24 6.0 
100 2 37 0.2 - - - - 82 0.5 - - 1.38 1.5 
Harries 
and 
Carey 
(2002) 
152 300 31.8 - 10.3 154 1.50 - 90 0.32 - 0.21 1.17 - 
152 300 31.8 - 10.3 154 1.50 - 90 0.13 - 0.09 1.15 - 
152 300 31.8 - 10.3 154 1.50 - 90 1.69 - 1.13 1.67 - 
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Table A2: (Contd.) 
Harries 
and Carey 
(2002) 
152 300 31.8  10.3 154 1.50 - 90 1.11 - 0.74 1.47 - 
Hong and 
Kim 
(2004) 
300 600 17.5 0.2 235 3920 1.67 - 30 0.95 - 2.56 14.00 0.6 
300 600 17.5 0.2 235 3920 1.67 - 30 0.94 - 2.61 13.50 0.6 
300 600 17.5 0.2 235 3920 1.67 - 45 1.15 - 3.30 21.00 0.7 
300 600 17.5 0.2 235 3920 1.67 - 45 0.96 - 3.30 19.00 0.6 
300 600 17.5 0.2 235 3920 1.67 - 60 1.25 - 5.01 15.65 0.8 
300 600 17.5 0.2 235 3920 1.67 - 60 1.37 - 4.99 15.85 0.8 
300 600 17.5 0.2 235 3920 1.67 - 90 1.25 - 4.32 14.40 0.8 
300 600 17.5 0.2 235 3920 1.67 - 90 1.00 - 4.58 11.15 0.6 
Mohamed 
and 
Masmoudi 
(2008a) 
152 2 30 0.25 - - - - - 3.8 - - 2.48 18.0 
 
 
323 
 
Table A2: (Contd.) 
Mohamed 
and 
Masmoudi 
(2008b) 
 
152 2 30 0.25 - - - - - 3.8 - - 2.48 18.0 
152 2 30 0.25 - - - - - 2.7 - - 2.37 12.0 
152 2 30 0.25 - - - - - 3.4 - - 2.73 15.6 
152 2 30 0.25 - - - - - 2.3 - - 2.67 16.0 
152 2 30 0.25 - - - - - 3.3 - - 3.97 18.4 
152 2 30 0.25 - - - - - 2.8 - - 4.27 16.4 
152 2 45 0.25 - - - - - 3.4 - - 1.99 16.4 
152 2 45 0.25 - - - - - 3.3 - - 1.83 14.0 
Mohamed 
and 
Masmoudi 
(2010a) 
152 2 30 0.2 - - - - 60 - - - 2.48 - 
152 2 30 0.2 - - - - 60 - - - 2.37 - 
152 2 30 0.2 - - - - 60 - - - 2.73 - 
152 2 30 0.2 - - - - 60 - - - 2.67 - 
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Table A2: (Contd.) 
Mohamed 
and 
Masmoudi 
(2010a) 
152 2 30 0.2 - - - - 65 - - - 4.00 - 
152 2 30 0.2 - - - - 65 - - - 4.23 - 
152 2 45 0.2 - - - - 60 - - - 1.98 - 
152 2 45 0.2 - - - - 60 - - - 1.82 - 
152 2 45 0.2 - - - - 60 - - - 2.26 - 
152 2 45 0.2 - - - - 60 - - - 2.3 - 
152 2 45 0.2 - - - - 65 - - - 3.17 - 
152 2 45 0.2 - - - - 65 - - - 3.3 - 
Park et al. 
(2011) 
150 300 54 0.25 - - - - 60 - - - 1.03 - 
150 300 32 0.25 - - - - 60 - - - 3.28 - 
150 300 54 0.25 - - - - 60 - - - 1.99 - 
150 300 54 0.25 - - - - 60 - - - 3.67 - 
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Table A2: (Contd.) 
Park et al. 
(2011) 
150 450 54 0.25 - - - - 60 - - - 2.08 - 
150 600 54 0.25 - - - - 60 - - - 2.13 - 
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APPENDIX B DATABASE OF CFFT UNDER DIFFERENT LOADINGS 
Appendix B consists of compiled experimental investigation results of circular 
Concrete Filled FRP Tube (CFFT) columns with and without steel reinforcing bars 
tested under concentric and eccentric axial loads, flexure and seismic loading. The 
database is split into eigth databases named as B1, B2, B3, C, D1, D2, E1 and E2. In 
the database B1 experimental investigation results of steel bar reinforced circular 
CFFT columns tested under concentric axial load were compiled. In the database B2 
experimental investigation results of steel bar reinforced circular CFFT columns 
tested under eccentric axial load were compiled. In the database B3 experimental 
investigation results of circular CFFT columns tested under eccentric axial loads 
were compiled. In the database C experimental investigation results of CFFT with 
and without reinforcing bars under flexural loading were compiled. In the database 
D1 non-circular CFFT columns tested under seismic loading were compiled. In the 
database D2 circular CFFT columns tested under seismic loading were compiled. In 
the database E1 rectangular CFFT columns tested under axial load were compiled. In 
the database E2 rectangular CFFT specimens tested under flexural loading were 
compiled. 
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Table B1: Steel bar reinforced circular CFFT columns tested under concentric axial load (Database B1) 
Study 
Column 
geometric 
properties 
Concrete 
Properties 
FRP properties Steel 
Reinforce
ment 
Steel 
Reinforce
ment ratio 
Strength and ductility 
capacity 
D  
(mm) 
DH
 
cof  
(MPa) 
coε  
(%) 
fE  
(GPa) 
fuf  
(MPa) 
fuε  
(%) 
ft  θ  
co
cc
f
f '
 
co
cu
ε
ε
 
Mohamed 
and 
Masmoudi 
(2008a) 
152 6 30 0.2 20.86 370 1.77 2.7 60 6#10 3.0 2.93 - 
152 6 30 0.2 20.86 370 1.77 2.7 60 6#10 3.0 1.50 - 
Mohamed 
and 
Masmoudi 
(2008b) 
152 4 30 0.25 20.69 345 1.67 2.65 60 6#10 2.6 2.37 8.40 
152 6 30 0.25 20.69 345 1.67 2.65 60 6#10 2.6 2.67 16.80 
152 8 30 0.25 20.69 345 1.67 2.65 60 6#10 2.6 2.20 10.00 
152 4 45 0.25 20.69 345 1.67 2.65 60 6#10 2.6 2.11 10.00 
152 6 45 0.25 20.69 345 1.67 2.65 60 6#10 2.6 1.93 12.80 
152 8 45 0.25 20.69 345 1.67 2.65 60 6#10 2.6 1.67 7.20 
152 6 30 0.25 20.69 345 1.67 2.85 60 6#10 2.6 2.93 15.20 
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Table B1: (Contd.) 
Mohamed 
and 
Masmoudi 
(2008b) 
152 6 30 0.25 20.69 345 1.67 2.85 60 6#10 2.6 2.17 13.20 
Mohamed 
and 
Masmoudi 
(2010a) 
152 4 30 0.2 20.69 345 1.67 2.65 60 6#10 2.6 2.61 -  
152 4 45 0.2 20.69 345 1.67 2.65 60 6#10 2.6 1.86  - 
152 4 30 0.2 23.63 390 1.65 6.4 65 6#10 2.6 4.09  - 
152 6 30 0.2 20.69 345 1.67 2.65 60 6#10 2.6 2.23  - 
152 6 45 0.2 20.69 345 1.67 2.65 65 6#10 2.6 1.67  - 
152 6 30 0.2 23.63 390 1.65 6.4 65 6#10 2.6 3.9  - 
152 6 30 0.2 20.86 370 1.77 2.85 60 6#10 2.6 2.5  - 
152 6 30 0.2 20.86 370 1.77 2.85 60 6#10 2.6 2.17  - 
152 6 45 0.2 20.86 370 1.77 2.85 60 6#10 2.6 1.64  - 
213 7 30 0.2 32.26 537 1.66 2.9 90 6#13 4.4 2.04  - 
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Table B1: (Contd.) 
Mohamed 
and 
Masmoudi 
(2010a) 
213 7 30 0.2 30.2 498 1.65 6.4 90 6#13 4.4 2.65 - 
Masmoudi 
and 
Mohamed 
(2011) 
152 2 30  - 20.69 345 1.67 2.65 60 6#3 3.3 2.47  - 
152 4 30  - 20.69 345 1.67 2.65 60 6#3 3.3 2.61  - 
152 6 30  - 20.69 345 1.67 2.65 60 6#3 3.3 2.24  - 
152 8 30  - 20.69 345 1.67 2.65 60 6#3 3.3 1.76  - 
152 10 30  - 20.69 345 1.67 2.65 60 6#3 3.3 1.55  - 
152 4 30  - 20.69 345 1.67 2.65 60 6#3 2.4 2.23  - 
152 6 30  - 20.69 345 1.67 2.65 60 6#3 2.4 2.07  - 
152 8 30 -  20.69 345 1.67 2.65 60 6#3 2.4 1.68  - 
152 10 30  - 20.69 345 1.67 2.65 60 6#3 2.4 1.66  - 
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Table B1: (Contd.) 
Masmoudi 
and 
Mohamed 
(2011) 
152 6 30  - 20.69 345 1.67 2.65 60 6#3 3.3 1.04  - 
Park et al. 
(2011) 
300 2 54 0.2 39.59 321 0.81 1.25 60 6#19 9.6 1.03 8.00 
300 2 54 0.2 56.12 530 0.94 2.5 60 6#19 9.6 1.95 19.40 
300 2 54 0.2 56.99 607 1.07 5 60 6#19 9.6 1.99 11.80 
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Table B2: Steel bar reinforced circular CFFT columns tested under eccentric axial load (Database B2) 
Study 
Column 
geometric 
properties 
Concrete 
Properties 
FRP properties Reinforce
ment 
ratio 
Eccentricity 
e (mm) 
Strength and 
ductility capacity 
D  (mm) DH
 
cof  
(MPa) 
coε  
(%) 
fE  
(GPa) 
fuf  
(MPa) 
fuε  
(%) 
ft  θ  
co
cc
f
f '
 
co
cu
ε
ε
 
Jolly and 
Lillistone 
(1998a) 
150.22 5 27.3 0.2 45.85 2077 4.5 2.46 83.6 4.9 7.5 3.05 13.20 
150.22 5 47 0.2 45.85 2077 4.5 2.46 83.6 4.9 7.5 1.77 9.25 
150.22 10 22.1 0.2 45.85 2077 4.5 2.46 83.6 4.9 7.5 1.67 6.75 
150.22 10 39.1 0.2 45.85 2077 4.5 2.46 83.6 4.9 7.5 1.14 6.75 
150.53 5 29.2 0.2 29.39 1609 5.5 2.35 71.3 4.9 7.5 2.36 11.30 
150.53 5 37.5 0.2 29.39 1609 5.5 2.35 71.3 4.9 7.5 1.87 10.85 
150.53 10 24.1 0.2 29.39 1609 5.5 2.35 71.3 4.9 7.5 1.34 6.05 
150.53 10 30.9 0.2 29.39 1609 5.5 2.35 71.3 4.9 7.5 1.12 7.20 
150.18 5 28.8 0.2 5.61 895 16.0 2.61 48 4.9 7.5 1.68 9.95 
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Table B2: (Contd.) 
Jolly and 
Lillistone 
(1998a) 
150.18 5 42.8 0.2 5.61 895 16.0 2.61 48 4.9 7.5 1.27 8.40 
150.18 10 28.8 0.2 5.61 895 16.0 2.61 48 4.9 7.5 1.02 7.75 
150.18 10 34.7 0.2 5.61 895 16.0 2.61 48 4.9 7.5 0.89 6.60 
Mohamed 
and 
Masmoudi 
(2008a) 
152.00 6 30 0.2 20.86 370 1.8 2.70 60 3.0 15 1.51 -  
152.00 6 30 0.2 20.86 370 1.8 2.70 60 3.0 30 1.14  - 
152.00 6 30 0.2 20.86 370 1.8 2.70 60 3.0 45 0.85  - 
152.00 6 30 0.2 20.86 370 1.8 2.70 60 3.0 60 0.67  - 
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Table B3: Circular CFFT columns tested under eccentric axial loads (Database B3) 
Study 
Column 
geometric 
properties 
Concrete 
Properties 
FRP properties 
Eccentricity 
e (mm) 
Strength and 
ductility capacity 
D  (mm) DH
 
cof  
(MPa) 
coε  
(%) 
fE  
(GPa) 
fuf  
(MPa) 
fuε  
(%) 
ft  θ  
co
cc
f
f '
 
co
cu
ε
ε
 
Jolly and 
Lillistone 
(1998a) 
150.40 5 33.9 0.2 45.85 2077 4.53 2.46 83.6 7.5 1.44 17.20 
150.40 10 28.4 0.2 45.85 2077 4.53 2.46 83.6 7.5 0.79 4.40 
150.40 10 37.8 0.2 45.85 2077 4.53 2.46 83.6 7.5 0.72 4.20 
150.08 5 27.2 0.2 29.39 1609 5.47 2.35 71.3 7.5 1.10 16.20 
150.08 5 39.4 0.2 29.39 1609 5.47 2.35 71.3 7.5 0.96 15.50 
150.08 10 25.9 0.2 29.39 1609 5.47 2.35 71.3 7.5 0.63 3.10 
150.08 10 40.8 0.2 29.39 1609 5.47 2.35 71.3 7.5 0.60 3.20 
150.35 5 24.2 0.2 5.61 895 15.95 2.61 48 7.5 0.80 10.20 
150.35 5 36.7 0.2 5.61 895 15.95 2.61 48 7.5 0.69 7.30 
 
 
334 
 
 Table B3: (Contd) 
Jolly and 
Lillistone 
(1998a) 
150.35 10 25.9 0.2 5.61 895 15.95 2.61 48 7.5 0.62 2.10 
150.35 10 37.1 0.2 5.61 895 15.95 2.61 48 7.5 0.51 2.50 
Lillistone 
and Jolly 
(1997) 
59.86 6 27.9 0.2 37.14 -  -  2.53 75.5 3 2.13 -  
59.86 6 36.2 0.2 37.14  -  - 2.53 75.5 3 1.68  - 
59.86 11 32.3 0.2 37.14  -  - 2.53 75.5 3 1.02  - 
79.85 6 19.7 0.2 44.09  -  - 2.46 78.1 4 3.16  - 
79.85 6 36.4 0.2 44.09  - -  2.46 78.1 4 2.02 -  
79.85 11 31.2 0.2 44.09  -  - 2.46 78.1 4 1.28  - 
79.85 11 25.6 0.2 44.09  -  - 2.46 78.1 4 1.33  - 
79.89 6 28.2 0.2 16  -  - 2.46 57.8 4 1.72  - 
79.89 6 24.6 0.2 16  -  - 2.46 57.8 4 1.73  - 
79.89 11 21.5 0.2 16  -  - 2.46 57.8 4 1.21  - 
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Table B3: (Contd.) 
Lillistone 
and Jolly 
(1997) 
79.89 11 27.2 0.2 16  -  - 2.46 57.8 4 1.38  - 
79.89 6 30.7 0.2 7.26  -  - 2.46 43.4 4 1.12  - 
79.89 6 34.4 0.2 7.26  - -  2.46 43.4 4 1.07  - 
79.89 10 34.3 0.2 7.26  -  - 2.46 43.4 4 0.87  - 
99.97 6 23.4 0.2 45.02  -  - 2.45 80.4 5 2.44  - 
99.97 6 35.2 0.2 45.02  -  - 2.45 80.4 5 2.06  - 
99.97 11 22.6 0.2 45.02 -  -  2.45 80.4 5 1.57 -  
99.97 11 32.8 0.2 45.02  -  - 2.45 80.4 5 1.21  - 
100.02 6 29.5 0.2 31.32  -  - 2.28 71.4 5 1.69  - 
100.02 6 31.3 0.2 31.32  -  - 2.28 71.4 5 1.62  - 
100.02 11 21.4 0.2 31.32  -  - 2.28 71.4 5 1.12  - 
100.02 11 33.2 0.2 31.32  -  - 2.28 71.4 5 0.91  - 
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Table B3: (Contd.) 
Lillistone 
and Jolly 
(1997) 
100.03 6 33.7 0.2 8.69  -  - 2.22 49.9 5 0.91  - 
100.03 6 40.1 0.2 8.69  -  - 2.22 49.9 5 0.87  - 
100.03 11 30 0.2 8.69  -  - 2.22 49.9 5 0.66  - 
100.03 11 29.3 0.2 8.69  -  - 2.22 49.9 5 0.77  - 
300.10 5 25.3 0.2 49.09  -  - 3.8 86.8 15 1.41 -  
300.10 5 36.8 0.2 49.09  -  - 3.8 86.8 15 1.27  - 
300.10 10 39.7 0.2 49.09  -  - 3.8 86.8 15 0.75 -  
399.88 5 29 0.2 47.04  -  - 5.07 87.6 20 1.39  - 
399.88 5 41 0.2 47.04  -  - 5.07 87.6 20 1.15  - 
399.88 10 36.5 0.2 47.04  - -  5.07 87.6 20 0.72  - 
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Table B4: CFFT columns with and without reinforcing bars tested under flexure load (Database C) 
Study 
Beam geometric 
properties 
Concrete 
Properties 
FRP properties 
Reinforce
ment ratio 
Max. Load 
P (kN) 
D  (mm) L (mm) co
f  
(MPa) 
coε  
(%) 
fE  
(GPa) 
fuf  
(MPa) 
fuε  
(%) 
ft  θ  
Fam and 
Rizkalla 
(2001b) 
168 2900 58 - - - - 4.09 - - 112 
168 1300 58 - - - - 3.08 - - 54 
168 1300 58 - - - - 3.09 - - 31 
168 2900 58 - - - - 3.73 - - 30 
219 2900 58 - - - - 3.73 - - 27 
219 2900 58 - - - - 3.73 - - 33 
219 2900 58 - - - - 3.73 - - 42 
Park et al. 
(2011) 
300 1500 54 - 56.12 530 - 1.25 60 9.6 88 
300 1500 54 - 56.99 607 - 2.50 60 9.6 101.9 
 
 
338 
 
Table B5: Non-circular CFFT columns tested under seismic load (Database D1) 
Study 
Column geometric 
properties 
Concrete 
Properties 
Fibre Properties FRP properties Reinforc
ement 
ratio 
Max. 
Axial load
P  (kN) co
f  
(MPa) 
coε  
(%) 
fE  
(GPa) 
fuf  
(MPa) 
fuε  
(%) 
ft  θ  rup
ε  
(%) co
al
f
f ,   εk  
Idris and 
Ozbakkalog
lu (2013) 
150 x150x1200, r15 95 - 116 2900 2.5 0.2 90 1.4 0.14 0.56 - 565 
150 x150x1200, r30 95 - 116 2900 2.5 0.2 90 1.3 0.13 0.52 - 582 
150x150x1200, r15 62 - 116 2900 2.5 0.2 90 2.0 0.29 0.8 - 617 
150x150x1200, r15 95 - 116 2900 2.5 0.2 90 1.2 0.08 0.48 - 582 
150x150x1200, r15 95 - 240 3800 1.6 0.12 90 1.0 0.16 0.63 - 595 
Yamakawa 
et al. (2003) 
250 x 250x750 37 - - - - - - - - - 3.87 271 
250 x 251x750 37 - - - - - - - - - 3.87 299.5 
250 x 252x750 37 - - - - - - - - - 3.87 376.8 
250 x 253x750 37 - - - - - - - - - 2.44 277.2 
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Table B5: (Contd.) 
Yamaka
wa et al. 
(2003) 
250 x 254x750 37 - - - - - - - - - 2.44 255.5 
250 x 255x750 37 - - - - - - - - - 2.44 326.5 
250 x 256x750 37 - - - - - - - - - 2.44 275.4 
250 x 257x750 47.7 - - - - - - - - - 2.44 286.1 
250 x 258x750 47.7 - - - - - - - - - 2.44 322.5 
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Table B6: Circular CFFT columns tested under seismic load 
Study 
Column 
geometric 
properties 
Concrete 
Properties 
Fibre Properties FRP properties Reinforc
ement 
ratio 
Max. 
Axial 
load P  
(kN) D(mm) L (mm) 
cof  
(MPa) 
coε  
(%) 
fE  
(GPa) 
fuf  
(MPa) 
fuε  
(%) 
ft  θ  rup
ε  
(%) co
al
f
f ,   εk  
Ozbakkalo
glu and 
Saatcioglu 
(2006) 
270 2000 90.1  - 227 3800 1.67 0.66 -   -  -  - 2.79 1580 
270 2000 75.2  - 227 3800 1.67 0.33  - -  -  -  2.79 1480 
270 2000 49.7  - 227 3800 1.67 0.33  - -  -   - 2.79 1480 
270 1200 75.3  - 227 3800 1.67 0.33  - -  -   - 2.79 1480 
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Table B7: Rectangular CFFT columns tested under axial load (Database E1) 
Study 
Column geometric 
properties 
Concrete 
Properties 
Fibre Properties FRP properties 
Strength and 
ductility capacity 
D  (mm) co
f  
(MPa) 
coε  
(%) 
fE  
(GPa) 
fuf  
(MPa) 
fuε  
(%) 
ft  θ  rup
ε  
(%) co
al
f
f ,   εk  
co
cc
f
f '
 
co
cu
ε
ε
 
Mirmiran 
et al. 
(1998c) 
152.5x152.5x305 40.6 0.2 55.85 1800 3.22 1.45 75 0.4 0.78 0.13 0.56 4.00 
152.5x152.5x305 40.6 0.2 55.85 1800 3.22 1.45 75 0.5 0.78 0.17 0.63 5.00 
152.5x152.5x305 40.6 0.2 55.85 1800 3.22 1.45 75 0.4 0.78 0.13 0.65 4.00 
152.5x152.5x305 40.6 0.2 55.85 1800 3.22 2.21 75 0.8 1.2 0.27 0.66 7.50 
152.5x152.5x305 40.6 0.2 55.85 1800 3.22 2.21 75 0.9 1.2 0.30 0.85 8.50 
152.5x152.5x305 40.6 0.2 55.85 1800 3.22 2.21 75 0.9 1.2 0.30 0.85 8.50 
152.5x152.5x305 40.6 0.2 55.85 1800 3.22 2.97 75 0.6 1.61 0.20 0.76 5.50 
152.5x152.5x305 40.6 0.2 55.85 1800 3.22 2.97 75 0.5 1.61 0.17 0.93 4.50 
152.5x152.5x305 40.6 0.2 55.85 1800 3.22 2.97 75 0.6 1.61 0.20 0.82 5.50 
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Table B7: (Contd.) 
Harries 
and 
Carrey 
(2002) 
152x152x305 32.4  - 10.3 154 1.50  - 90  - - -  1.17 -  
152x152x305 31.2  - 10.3 154 1.50 -  90  -  -  - 1.20  - 
152x152x305 32.4  - 10.3 154 1.50  - 90  -  -  - 1.33  - 
152x152x305 31.2  - 10.3 154 1.50  - 90  -  -  - 1.25  - 
Hong and 
Kim 
(2004) 
250x250x600 17.5 0.2 235 3920 1.67  - 30 1.37  - 0.82 1.46 16.85 
250x250x600 17.5 0.2 235 3920 1.67  - 30 0.87  - 0.52 1.76 23.45 
250x250x600 17.5 0.2 235 3920 1.67  - 45 0.86  - 0.52 1.29 17.55 
250x250x600 17.5 0.2 235 3920 1.67  - 45 0.56  - 0.34 1.37 17.00 
Ozbakkal
oglu and 
Oehlers 
(2008) 
200x200x600 28  - 240 3800 1.58 0.35 -  -   -  - 0.93 8.10 
200x200x600 28  - 240 3800 1.58 0.35  -  -  -  - 0.97 9.80 
200x200x600 28  - 240 3800 1.58 0.35  -  -  -  - 1.27 11.00 
200x200x600 28  - 240 3800 1.58 0.59  -  -  -  - 1.01 16.10 
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Table B7: (Contd.) 
Ozbakkal
oglu and 
Oehlers 
(2008) 
200x200x600 28 -  240 3800 1.58 0.59 -  -  -  -  1.31 15.40 
200x200x600 28  - 240 3800 1.58 0.59  -  -  -  - 1.77 16.50 
150x300x600 25.8  - 240 3800 1.58 0.35  -  -  -  - 0.92 7.00 
150x300x600 25.8  - 240 3800 1.58 0.35  -  -  -  - 0.95 7.10 
150x300x600 25.8  - 240 3800 1.58 0.35  -  -  -  - 1.00 7.40 
150x300x600 25.8  - 240 3800 1.58 0.59  -  -  -  - 0.93 13.40 
150x300x600 25.8  - 240 3800 1.58 0.59  -  -  -  - 0.95 14.20 
150x300x600 25.8  - 240 3800 1.58 0.59  -  -  -  - 1.28 16.40 
150x300x600 38.7  - 240 3800 1.58 0.35  -  -  -  - 0.93 7.60 
150x300x600 38.7  - 240 3800 1.58 0.35  -  -  -  - 0.95 5.50 
150x300x600 38.7  - 240 3800 1.58 0.35  -  -  -  - 0.94 6.60 
Ozbakkal
oglu 
(2013a) 
200x200x600, r:40 26.7 0.2 240 3800 1.58 0.12 - - 0.5 - 1.27 11.2 
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Table B7: (Contd.) 
Ozbakkal
oglu 
(2013a) 
150x150x300, r:30 76.6 0.2 240 3800 1.58 0.23 - - 0.46 - 1.07 5.5 
150x150x300, r:30 107.3 0.2 240 3800 1.58 0.23 - - 0.55 - 1.12 4.9 
200x200x600, r:40 26.7 0.2 240 3800 1.58 0.12 - - 0.83 - 1.77 16.8 
150x150x300, r:30 77.2 0.2 240 3800 1.58 0.23 - - 0.77 - 1.42 7.4 
150x150x300, r:30 110.8 0.2 240 3800 1.58 0.23 - - 0.86 - 1.32 5.9 
150x300x600, r:40 24 0.2 240 3800 1.58 0.12 - - 0.78 - 1.28 16.30 
113x225x300, r:30 78.2 0.2 240 3800 1.58 0.23 - - 0.64 - 1.07 6.40 
 113x225x300, r:30 110.8 0.2 240 3800 1.58 0.23 - - 0.72 - 0.92 5.20 
150x300x600, r:20 24 0.2 240 3800 1.58 0.12 - - 0.78 - 0.93 14.10 
113x225x300, r:15 78.2 0.2 240 3800 1.58 0.23 - - 0.64 - 0.76 6.70 
113x225x300, r:15 110.5 0.2 240 3800 1.58 0.23 - - 0.72 - 0.77 9.30 
150x300x600, r:40 26.7 0.2 240 3800 1.58 0.12 - - 0.42 - 0.89 6.48 
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Table B7: (Contd.) 
Ozbakkk
aloglu 
(2013a) 
150x300x600,r:40 26.7 0.2 240 3800 1.58 0.12 - - 0.42 - 1.24 8.50 
150x300x600, r:40 26.7 0.2 240 3800 1.58 0.12 - - 0.42 - 1.52 8.08 
200x200x600, r:40 26.7 0.2 240 3800 1.58 0.12 - - 0.83 - 1.77 16.80 
200x200x600, r:50 26.7 0.2 240 3800 1.58 0.12 - - 0.83 - 3.11 16.80 
Ozbakkal
oglu 
(2013b) 
 
150x150x300,r:15 77.9 0.30 240 3800 1.58 0.70 90 0.80 -  0.51 0.94 7.80 
150x150x300,r:15 77.9 0.30 240 3800 1.58 0.70 90 0.95  - 0.60 0.84 6.90 
150x150x300,r:15 77.9 0.30 240 3800 1.58 1.17 90 0.67  - 0.42 1.14 11.40 
150x150x300,r:15 77.9 0.30 240 3800 1.58 1.17 90 0.76  - 0.48 1.01 10.00 
150x150x300,r:30 77.9 0.30 240 3800 1.58 0.70 90 0.78  - 0.49 1.07 5.40 
150x150x300,r:30 77.9 0.30 240 3800 1.58 0.70 90 0.80  - 0.51 1.03 5.00 
125x187.5x300,r:30 77.9 0.30 240 3800 1.58 1.17 90 0.86 -  0.54 1.47 7.20 
125x187.5x300,r:30 77.9 0.30 240 3800 1.58 1.17 90 0.72  - 0.45 1.34 6.70 
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Table B7: (Contd.) 
Ozbakkal
oglu  
(2013b) 
 
125x187.5x300,r:15 77.9 0.30 240 3800 1.58 0.70 90 0.77  - 0.49 0.71 5.10 
125x187.5x300,r:15 77.9 0.30 240 3800 1.58 0.70 90 0.63  - 0.40 0.75 5.00 
125x187.5x300,r:15 77.9 0.30 240 3800 1.58 1.17 90 0.56  - 0.35 0.95 6.50 
125x187.5x300,r:15 77.9 0.30 240 3800 1.58 1.17 90 0.90 -  0.57 0.96 8.50 
125x187.5x300,r:30 77.9 0.30 240 3800 1.58 0.70 90 0.76  - 0.48 0.99 4.50 
125x187.5x300,r:30 77.9 0.30 240 3800 1.58 0.70 90 0.52  - 0.33 0.99 4.00 
125x187.5x300,r:30 77.9 0.30 240 3800 1.58 1.17 90 0.68  - 0.43 1.23 4.90 
125x187.5x300,r:30 77.9 0.30 240 3800 1.58 1.17 90 0.84  - 0.53 1.23 5.80 
112.5x225x300,r:15 77.9 0.30 240 3800 1.58 0.70 90 0.61  - 0.39 0.54 6.10 
112.5x225x300,r:15 77.9 0.30 240 3800 1.58 0.70 90 0.75  - 0.47 0.66 5.40 
112.5x225x300,r:15 77.9 0.30 240 3800 1.58 1.17 90 0.74  - 0.47 0.82 7.10 
112.5x225x300,r:15 77.9 0.30 240 3800 1.58 1.17 90 0.59  - 0.37 0.71 5.40 
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Table B7: (Contd.) 
Ozbakkal
oglu 
(2013b) 
112.5x225x300,r:30 77.9 0.30 240 3800 1.58 0.70 90 0.77  - 0.49 0.72 5.10 
112.5x225x300,r:30 77.9 0.30 240 3800 1.58 0.70 90 0.80  - 0.51 0.80 4.80 
112.5x225x300,r:30 77.9 0.30 240 3800 1.58 1.17 90 0.86 -  0.54 1.15 6.70 
112.5x225x300,r:30 77.9 0.30 240 3800 1.58 1.17 90 0.7 -  0.44 0.99 5.30 
 
 
Ozbakkal
oglu 
(2013c) 
150x300x600 25 -  240 3800 1.58 0.35 -   -  - -  0.89 6.30 
150x300x600 25  - 240 3800 1.58 0.35  -  -  -  - 1.00 8.80 
150x300x600 25  - 240 3800 1.58 0.35  -  -  -  - 1.13 9.60 
150x300x600 25  - 240 3800 1.58 0.35  -  -  -  - 1.32 14.00 
150x300x600 25  - 240 3800 1.58 0.35 -  -  -  - 1.24 8.20 
150x300x600 25  - 240 3800 1.58 0.35  -  -  -  - 1.52 7.80 
150x300x600 25  - 240 3800 1.58 0.35  -  -  -  - 1.38 8.40 
150x300x600 25  - 240 3800 1.58 0.35  -  -  -  - 1.44 10.60 
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Table B7: (Contd.) 
 150x300x600 25  - 240 3800 1.58 0.35  -  -  -  - 1.27 8.40 
 200x200x600 25  - 240 3800 1.58 0.59  -  -  -  - 3.11 16.30 
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Table B8: Rectangular CFFT columns tested under flexural load 
Study 
Column 
geometric 
properties 
(mm) 
Concrete 
Properties 
Fibre Properties FRP properties Peak 
Load P  
(kN) co
f  
(MPa) 
coε  
(%) 
fE  
(GPa) 
fuf  
(MPa) 
fuε  
(%) 
ft  θ  rup
ε  
(%) co
al
f
f ,   εk  
Mirmiran 
et al. 
(1998a) 
178 x 178x1320 18.75 - - - - - - - - - 51.5 
Mirmiran 
et al. 
(1998b) 
152.5x152.5x560 30.87 - 69.64 2186 3.14 - 75 - - - 44.3 
152.5x152.5x560 30.87 - 69.64 2186 3.14 - 75 - - - 53.1 
152.5x152.5x560 30.87 - 69.64 2186 3.14 - 75 - - - 92.3 
152.5x152.5x560 30.87 - 69.64 2186 3.14 - 75 - - - 113.7 
152.5x152.5x560 30.87 - 69.64 2186 3.14 - 75 - - - 105.6 
152.5x152.5x560 30.87 - 69.64 2186 3.14 - 75 - - - 85.1 
152.5x152.5x560 30.87 - 69.64 2186 3.14 - 75 - - - 63.1 
152.5x152.5x560 30.87 - 69.64 2186 3.14 - 75 - - - 77.6 
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Table B8: (Contd.) 
Fam et al. 
(2005) 
374x266x2200 52 - - - - - - - - - 653.3 
374x266x2200 52 - - - - - - - - - 476 
271x164x2200 52 - - - - - - - - - 299 
271x164x680 52 - - - - - - - - - 1647.1 
271x164x680 52 - - - - - - - - - 1932.0 
271x164x680 52 - - - - - - - - - 1647.1 
271x164x680 52 - - - - - - - - - 1142.8 
271x164x680 52 - - - - - - - - - 1000.0 
 
 
 
